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SUMMARY
A m a th e m a tic a l model was d e r iv e d  f o r  th e  o x id a t io n  b e h a v io u r  
o f  a  polym er f i lm ,  t a k in g  i n t o  a c c o u n t b o th  d i f f u s i o n  f r e e  and 
d i f f u s io n  c o n t r o l l e d  k i n e t i c s .  Com parison w ith  e x p e r im e n ta l  
r e s u l t s  showed e x c e l l e n t  ag re e m e n t. E x p re s s io n s  w ere  d e r iv e d  
from  t h i s  model f o r  th e  r e a c t i o n  in d u c t io n  t im e , and th e  l i m i t i n g  
th ic k n e s s  o f  f i lm  a t  w hich d i f f u s i o n  e f f e c t s  become im p o r ta n t .
I n v e s t i g a t io n  o f  th e  p h o t o s t a b i l i s a t i o n  m echanism  o f 
H indered  Amine L ig h t  S t a b i l i s e r s  was u n d e r ta k e n . A f te r  
e x p e r im e n ta l  i n v e s t i g a t i o n  o f  num erous p ro p o sed  s t a b i l i s a t i o n  
p r o c e s s e s ,  and t h e i r  r e j e c t i o n ,  a  r e a c t i o n  scheme was p roposed  
in v o lv in g  th e  sc a v e n g in g  o f  t r a c e  t r a n s i t i o n  m e ta l io n s  i n  th e  
polym er m a tr ix .
1 BACKGROUND.
1:1 P h o to -o x id a tio n ,..
I n  o rd e r  f o r  a  p h o to ch e m ic a l r e a c t i o n  to  ta k e  p la c e  un d er 
norm al t e r r e s t r i a l  c o n d i t io n s ,  th e  s u b s ta n c e  u n d e rg o in g  r e a c t i o n  
m ust c o n ta in  g ro u p s  c a p a b le  o f  a b s o rb in g  en e rg y  i n  th e  ra n g e  o f 
300-800nm, w hich i s  th e  w a v e len g th  band o f  s u n l i g h t  r e a c h in g  th e  
e a r t h s  s u r f a c e .  These g ro u p s  a r e  known a s  chrom ophores.
A bsorbance o f  en erg y  c a u se s  th e  chrom ophore to  become 
e l e c t r o n i c a l l y  e x c i t e d ,  and i t  may th en  u n d e rg o  a ch em ica l o r 
p h y s ic a l  change i t s e l f ,  o r  may t r a n s f e r  t h i s  e n e rg y  to  a n o th e r  
g roup  w hich th e n  u n d e rg o e s  t r a n s f o r m a t io n .  The u s u a l  r e s u l t  o f  
such  an e n e rg y  a b s o r p t io n  i s  th e  h e m o ly tic  s c i s s i o n  o f  a  ch em ica l
bond to  p ro d u ce  f r e e - r a d i c a l  s p e c i e s .  These s p e c ie s  a r e
e x tre m e ly  r e a c t i v e ,  and may undergo  a  number o f  r e a c t io n s  -  
re c o m b in a tio n , hydrogen  a b s t r a c t i o n ,  o r a d d i t io n  w ith  oxygen.
P ro d u c ts  can  th e m se lv e s  r e a c t  f u r t h e r .  A s im p l i f i e d  r e a c t i o n
scheme f o r  p h o to -o x id a t io n  o f  a  h y d ro ca rb o n  i s  g iv e n  below  : -  
RH ------------> R.
R. + 0.
ROO. + RH 
ROOH --------
ROO.
 > ROOH + R. P ro p a g a tio n
RO. + RH 
HO. + RH
2 ROO. ----
2R0. -------
2R. ------
RO. + .OH 
> ROH + .OH 
 ^ HgO + R. B ra n c h in g
^  ROOR + 0, 1
ROOR 
^  R -  R T e rm in a tio n
Among th e  more im p o r ta n t  h y d ro ca rb o n s  s u b je c t  to  th e  above 
r e a c t i o n  scheme a r e  th e  man-made p o ly m ers. P h o to -o x id a t io n ,
c a u s in g  a s  i t  does th e  l o s s  o f  p h y s ic a l  p r o p e r t i e s  and
d i s c o l o u r a t io n  o f  f in i s h e d  p o ly m e ric  a r t i c l e s ,  i s  a  m ajo r problem  
f o r  th e  p l a s t i c s  in d u s t r y  and a g r e a t  d e a l  o f  e f f o r t  h a s  gone 
i n t o  th e  u n d e rs ta n d in g  and com bating  o f  t h i s  p rob lem  [ 1 ] .
The d e g ra d a t io n  b e h a v io u r  o f  some po lym ers u n d e r 
p h o to -o x id a t iv e  c o n d i t io n s  i s  r e l a t i v e l y  ea sy  to  u n d e rs ta n d  a s  
th ey  c o n ta in  chrom ophore g ro u p s , e .g .  p o l y ( s t y r e n e ) ,
p o ly (v in y ln a p h th a le n e ) ,  p o ly ( a c e ty le n e ) ;  b u t  o th e r s  such  a s  
p o ly (e th y le n e )  and p o ly (p ro p y le n e )  would a p p e a r  to  c o n ta in  no 
chrom ophore c a p a b le  o f a b s o rb in g  r a d i a t i o n  i n  th e  ran g e  o f  
t e r r e s t r i a l  s u n l ig h t ,a n d  y e t  th e  u s e f u l  l i f e t i m e  o f  such  po lym ers 
u n d e r p h o to -o x id is in g  c o n d i t io n s  i s  v e ry  s h o r t  [ 2 ] .  The answ er 
to  t h i s  dilemm a l i e s  i n  th e  f a c t  t h a t  a l l  po lym er sy s te m s  c o n ta in  
i m p u r i t i e s  o f  v a r io u s  ty p e s ,  e i t h e r  i n  th e  m a tr ix ,  o r  a s  p a r t  o f  
th e  polym er c h a in .
I m p u r i t i e s  i n  po lym ers come from  v a r io u s  s o u rc e s  and can  
ta k e  v a r io u s  form s
a ) Im pure s t a r t i n g  m a t e r i a l s -  t h i s  may in tr o d u c e  a 
s e r e n d ip i to u s  copolym er u n i t  i n to  th e  polym er c h a in ,  c r e a t in g  
e i t h e r  a  weak l i n k  i n  th e  c h a in ,  o r p ro v id in g  a  chrom ophore.
j  ' "4%
>a;
b) C hain  b ra n c h in g -  a g a in  may le a d  to  w eaker bonds. " J
;
j
c ) C a ta ly s t  r e s i d u e s -  t r a n s i t i o n  m e ta l c a t a l y s t s  a r e  * 
commonly used  i n  th e  p o ly m e r is a t io n  o f  o l e f i n s  [ 2 ] ,  and can  be
a c t i v e l y  in v o lv e d  i n  h y d ro ca rb o n  p h o to -o x id a t io n  [ 3 ] .  These |
m e ta l s p e c ie s  may a p p e a r  f r e e ,  o r bonded to  th e  m acro rao lecu la r , 4
c h a in .
I
d) Oxygen c o n ta in in g  g ro u p s -  b o th  d u r in g  p o ly m e r is a t io n ,  and î 
d u r in g  su s e q u e n t p r o c e s s in g ,  oxygen w i l l  be p r e s e n t  to  some
e x te n t ,  and t h i s  may le a d  to  th e  a p p e a ra n ce  o f  h y d ro p e ro x id e , 
c a r b o n y l t  and a c id  g ro u p s  i n  th e  po lym er. H y d ro p e ro x id es  i n  
p a r t i c u l a r ,  a r e  c o n s id e re d  to  be one o f th e  m ain i n i t i a t i n g  
g ro u p s  i n  p o l y o le f in  p h o to -o x id a t io n  [ 2 ] .  C a rb o n y ls , I
p a r t i c u l a r l y  k e to n e s ,  a r e  a l s o  known to  be im p o r ta n t  s p e c ie s  i n  
p h o to -o x id a t io n  [ 4 ] .  *
e )  I m p u r i t i e s  p ic k e d  up d u r in g  p r o c e s s in g -  D uring  th e  
p r o c e s s in g  o f  a  raw polym er i n t o  a  f in i s h e d  f i lm ,  f i b r e ,  o r o th e r  
a r t i c l e ,  th e  m a te r i a l  w i l l  come i n t o  c o n ta c t  w ith  m ac h in ery , and 
th u s  p ic k  up more m e ta l io n s  to  add to  th o s e  a l r e a d y  p r e s e n t  due 
to  c a t a l y s t  r e s i d u e s .  M ic ro sc o p ic  m eta l f ra g m e n ts  have been  
o b se rv e d  i n  p o ly (p ro p y le n e )  from  t h i s  so u rc e  [ 5 ] .
I t  h a s  a l s o  been  s u g g e s te d  [2 ]  t h a t  e m is s io n  s p e c t r o s c o p ic  
r e s u l t s  p o in t  to w ard s t h e r e  b e in g  p o ly n u c le a r  a ro m a tic  compounds 
p r e s e n t  i n  p o ly (p ro p y le n e ) ,  a b so rb e d  from  a tm o s p h e r ic  p o l l u t i o n ,  
a lth o u g h  i t  i s  o n ly  f a i r  to  say  t h a t  some a u th o r s  d is a g r e e  w ith  
t h i s  i d e n t i f i c a t i o n  [ 6 ] .
f )  D e l ib e r a te  a d d i t i v e s -  We w i l l  n o t  go i n t o  t h i s  i n  any 
g r e a t  d e t a i l ,  b u t  th e  a d d i t io n  o f  o rg a n ic  p ig m e n ts  w i l l  o b v io u s ly  
c a u se  a polym er to  a b so rb  m ore l i g h t ,  and w ith  energy  t r a n s f e r  
p ro c e s s e s  o p e r a t in g  t h i s  may c au se  f u r t h e r  d e g ra d a t io n .  One 
p a r t i c u l a r  a d d i t iv e  w o rth  m e n tio n in g  i s  th e  TiO^ o r  ZnO 
d e l u s t r a n t  added to  many p o ly m ers. TiO^ i s  known to  be 
p h o to c h e m ic a lly  a c t i v e ,  a s  i s  ZnO, and p o ly o le f in  d e g ra d a t io n  h a s  
been  shown [ 7 ] to  be a c c e l e r a te d  when e i t h e r  o f  th e s e  p ig m en ts  i s  
added .
1 :2  P h o t o - s t a b i l i s a t i o n
Some, o r  a l l ,  o f  th e  above im p u r i t i e s  a r e  a lw ay s p r e s e n t  i n  
polym er sy s tem s to  a  g r e a t e r  o r  l e s s e r  e x te n t .  P h y s ic a l  m ethods, 
such  a s  p u r i f i c a t i o n  o f  s t a r t i n g  m a t e r i a l s ,  low te m p e ra tu re  
p r o c e s s in g ,  o r  p u r i f i c a t i o n  o f  f i n a l  p ro d u c ts  a r e  a l l  
p r a c t i c a l l y ,  o r  c o m m e rc ia lly , i n a p p l i c a b l e .  In  any c a s e ,  
p u r i f i c a t i o n  by th e s e  means does n o t  g e t  r i d  o f  a l l  im p u r i t i e s .  
The o n ly  a l t e r n a t i v e  i s  s t a b i l i s a t i o n .
S t a b i l i s a t i o n  in v o lv e s  th e  in c o r p o r a t io n  o f  some ch em ica l 
i n t o  th e  polym er m a tr ix  w hich  e i t h e r  p r e v e n ts  th e  o n s e t  o r  
d e g ra d a t io n  p r o c e s s e s ,  o r  i n  some way e l im in a te s  p ro d u c ts  o f  
p rim ary  p h o to d e g ra d a t io n  b e fo r e  th e  o n s e t  o f  d i s c o l o u r a t io n  o r 
d e t e r i o r a t i o n  o f  p h y s ic a l  p r o p e r t i e s .
The means w hereby such  s t a b i l i s e r s  can  p re v e n t  d e g ra d a t io n  
o f  po lym ers can  be b ro k en  down i n t o  th e  fo l lo w in g  c a t e g o r i e s ; -
a )S c re e n in g  o f  d e t r im e n ta l  l i g h t .
b )Q uench ing  o f  e l e c t r o n i c a l l y  e x c i te d  s t a t e s .
c ) N o n -ra d ic a l  d e c o m p o s itio n  o f  h y d ro p e ro x id e . 1
■i
d)C om plexing o f  t r a c e  m e ta ls .
e ) I n t e r c e p t i o n  o f  p h o to -o x id a t io n  p ro d u c ts .
f ) R a d ic a l  sc av e n g in g
g ) T ra n s fo rm a tio n  o f  s t a b i l i s e r  i n t o  a  p ro d u c t 
c a p a b le  o f  f u l f i l l i n g  one o r more o f  th e  above 
f u n c t io n s .
a )  S c re e n in g  The s c re e n in g  o f  a  po lym er a g a in s t  th e  e f f e c t s  
o f  i n c id e n t  l i g h t  c o u ld  be sim p ly  a c h ie v e d  by la m in a t in g  w ith  
m e ta ls  to  a c h e iv e  a  h ig h ly  r e f l e c t i v e  s u r f a c e ,  o r  by 
in c o r p o r a t in g  a  s u b s ta n c e  w hich  w i l l  a b so rb  a l l  l i g h t ,  such  a s  
c a rb o n  b la c k . However, i f  a  c l e a r  f i lm ,  o r  a  f i b r e  i s  r e q u i r e d ,  
th e s e  m ethods a r e  o b v io u s ly  o f  l i t t l e  u s e .  S in c e  th e  sm a ll 
p e rc e n ta g e  o f  t e r r e s t r i a l  s u n l i g h t  in  th e  u l t r a v i o l e t  r e g io n  o f  
th e  sp ec tru m  has  been  shown to  be e n e r g e t i c a l l y  r e s p o s ib le  f o r  
m ost p o ly o le f in  p h o to d e g ra d a t io n  p r o c e s s e s  [ 8 ] ,  e a r ly  work on 
s t a b i l i s a t i o n  c o n c e n t ra te d  on compounds w hich  a b so rb e d  o n ly  i n  
t h i s  r e g io n  and w ere t r a n s p a r e n t  to  v i s i b l e  l i g h t ,  such  a s  th e  
b e n z o t r ia z o le s  and 2 -  hydroxybenzophenones [ 9 ] .  The l i m i t a t i o n  
o f  t h i s  ap p ro ach  i s  t h a t  i n  f i b r e s  and t h i n  f i l m s ,  w hich a r e  th e  
m ost v u ln e r a b le  a r t i c l e s  to  p h o to -o x id a t io n ,  t h e r e  i s  s im p ly  n o t  
enough o f  th e  a b s o rb e r  p r e s e n t  to  g iv e  a d e q u a te  p r o te c t i o n  by 
s c re e n in g  a lo n e .T h e  f a c t  t h a t  th e s e  m a t e r i a l s  a r e  s t i l l  i n  
w id e sp re a d  u se  r e s u l t s  from  th e  a b i l i t y  o f  th e s e  compounds to  
p h o t o s t a b i l i s e  po lym ers by o th e r  p a thw ays.
b) Q uenching û£ e le e .tc a n lQ a iiy  e x a i te d  @.tat.ea The
e x c i t a t i o n  o f  chrom ophores i n  a  polym er by l i g h t  w i l l  p ro d u ce  
e l e c t r o n i c a l l y  e x c i t e d  s t a t e s  (EES). In  g e n e r a l ,  th e  e x c i t e d  
s t a t e  o f  a  chrom ophore may r e a c t ,  f ra g m e n t, r e t u r n  to  th e  g round  
s t a t e  by p h y s ic a l  r o u te s ,  o r  t r a n s f e r  i t s  e x c e s s  en erg y  to  a  
s t a b i l i s e r  o r  to  some o th e r  a c c e p to r  s p e c ie s .  I f  energy  t r a n s f e r  
t o  th e  s t a b i l i s e r  can  com pete w ith  th e  c o m b in a tio n  o f  o th e r  
p r o c e s s e s ,  th e  chrom ophore i s  d e a c t iv a te d  and th e  polym er 
s t a b i l i s e d  [ 1 0 ] .
E le c t r o n ic  en e rg y  t r a n s f e r  (EET) in v o lv e s  i n t e r a c t i o n ,  
e i t h e r  r a d i a t i v e l y  o r  n o n - r a d i a t i v e l y ,  betw een  an  e l e c t r o n i c a l l y  
e x c i te d  chrom ophore (D onor) and a ground  s t a t e  s t a b i l i s e r  
m o le c u le  (A c c e p to r ) ,  such t h a t  th e  donor i s  d e - e x c i te d  and th e  
a c c e p to r  r a i s e d  to  an  EES [ 1 1 ] .  N o n - ra d ia t iv e  m echanism s a r e  
m ost r e l e v a n t  i n  t h i s  c o n te x t ,  and may o ccu r by two p r o c e s s e s .  
Coulom bic, o r  lo n g  ra n g e , t r a n s f e r  [12 ] o c c u rs  when th e  e x c i t e d  
chrom ophore and th e  q u e n ch in g  s p e c ie s  a r e  s e p a ra te d  by 1-10nm, 
b u t t h e r e  m ust be a p p r e c ia b le  o v e r la p  betw een donor e m iss io n  and 
a c c e p to r  a b s o r p t io n  s p e c t r a .  A l t e r n a t iv e ly ,  e x c h a n g e ,o r  
c o l l i s i o n a l ,  t r a n s f e r  [13 ] r e q u i r e s  p h y s ic a l  c o n ta c t  be tw een  
donor and a c c e p to r .
Q uenching o f  e x c i t e d  c a rb o n y l g ro u p s  h a s  been  shown to  
o c c u r  u s in g  b e n z o t r i a z o le s  [ 1 4 ] ,  hydroxybenzophenones [ 1 5 ] ,  and 
to  a  l e s s e r  e x te n t  w ith  N i ( I I )  c h e la te s  [1 6 ] .  The e f f i c i e n c y ,  
and in d ee d  th e  m echanism , o f  t h i s  s t a b i l i s a t i o n  pathw ay i s  s t i l l  
a  m a tte r  o f  c o n tr o v e r s y .
%The ab sen c e  o f  s t r u c t u r e  i n  th e  a b s o r p t io n  s p e c t r a  o f  
p e ro x id e s  and h y d ro p e ro x id e s  i n d i c a t e s  t h a t  t r a n s i e n t  e x c i t e d  
s t a t e s  do n o t e x i s t  upon ÜV i r r a d i a t i o n ;  o n ly  in s ta n ta n e o u s  
d i s s o c i a t i o n  o f  th e  0 - 0  bond o c c u rs .  T h is  im p l ie s  t h a t  th e  
q u en ch in g  o f  th e s e  s p e c ie s  by e i t h e r  o f  th e  above m echanism s i s  
im p o s s ib le .
Q uenching o f  EES o f  p o ly n u c le a r  a ro m a tic s  w ould p re v e n t  
o x id a t io n  o f  th e s e  compounds to  e n d o p e ro x id e s  and a ro m a tic  
k e to n e s ,  w hich can  th e n  a c t  a s  i n i t i a t o r s  to  p ro v id e  r a d i c a l  
s p e c ie s  [ 2 ] .  N i ( I I )  c h e la te s  can  quench th e  t r i p l e t  EES o f  
a n th ra c e n e  [1 7 J ,  a lth o u g h  t h e i r  e f f i c i e n c y  f l u c t u a t e s  g r e a t ly  
w ith  l ig a n d  s p e c ie s
2 (2 * -h y d ro x y -5 ’-m e th y lp h e n y l)  -  b e n z o t r ia z o le  h a s  been  shown to  
be a  good q u e n c h e r o f  a n th ra c e n e  s i n g l e t s  [1 8 ] .
c )  N o n -ra d ic a l  D eco m p o sitio n  of_ .  H y d ro p ero x id e  As may be
se e n  from  th e  r e a c t i o n  c y c le  a lr e a d y  d e s c r ib e d ,  h y d ro p e ro x id e s  
a r e  im p o r ta n t  in te r m e d ia te s  i n  th e  o x id a t io n  o f  h y d ro c a rb o n s . In  
th e  p h o to -o x id a t io n  o f  p o ly o le f in s  th e y  have been  c o n s id e re d  to  
be p rim ary  i n i t i a t o r s  o f  p h o to re a c t io n s  [ 2 ] .  To rem ove ROOH 
g ro u p s  from  th e  a u to x id a t io n  c y c le  i t  w ould be b e s t  to  do so  v i a  
a  r a p id  d a rk  r e a c t i o n  w hich does n o t r e l e a s e  f r e e . -  r a d i c a l s .  
P ro v id e d  a h y d ro p e ro x id e  decom poser h a s  a d e q u a te  m o b i l i ty  and 
good ÜV s t a b i l i t y ,  h y d ro p e ro x id e  sc a v e n g in g  m ust be e x p e c te d  to  
p la y  a v i t a l  r o l e  i n  polym er ÜV s t a b i l i s a t i o n  [ 1 9 ] .  
H y d ro p e ro x id es  p o s s e s s  lo n g  c h em ica l h a l f - l i v e s  due to  low 
quantum  y i e l d  and weak ÜV a b s o rp t io n  [ 1 9 ] ,  so  t h e r e  i s  an 
a p p r e c ia b le  tim e  i n t e r v a l  d u r in g  w hich a  s t a b i l i s e r  m ig h t d i f f u s e
 ■*!
t o  a  h y d ro p e ro x id e  s i t e  and decom pose ROOH b e fo re  p h o to ly s i s  can  
o c c o u r.
S e v e ra l  N i ( I I )  and Z n ( I I )  c h e la te s  [1 9 ,2 0 ]  have  been  shown 
to  be e f f e c t i v e  decom posers o f  ROOH i n  p o ly ( p ro p y le n e ) ,  w h ile  
many s u lp h u r  compounds show s im i l a r  e f f i c i e n c y  [ 2 1 ] .
d) C om plexa tion  o f  T race  M e ta ls  T i c a t a l y s t  r e s id u e s  a p p e a r  
to  be p o t e n t i a l l y  im p o r ta n t  s o u rc e s  o f  i n i t i a t i o n  f o r  th e  
p h o to -o x id a t io n  o f  p o ly o le f in s  [ 2 ] ,  i n c lu s io n  o f  Fe s a l t s  i n  
p o ly (p ro p y le n e )  a l s o  le a d s  to  a c c e l e r a te d  d e g ra d a t io n  [ 2 2 ] ,  Very 
l i t t l e  p u b lis h e d  m a te r i a l  e x i s t s  on th e  a b i l i t y  o f  a d d i t iv e s  to  
d e a c t i v a t e  m e ta l i m p u r i t i e s  i n  p o ly m e rs ,a l th o u g h  oxim es [ 2 3 ] ,  
b is p h e n o ls  [ 2 4 ] ,  and e p o x id e s  [25 ] have been  shown to  i n t e r a c t  
w ith  T i ( I I I )  and T i ( I V ) .
U ri [26 ] h a s  n o te d  th e  a b i l i t y  o f  t r a n s i t i o n  m e ta l io n s ,  i n  
v e ry  low c o n c e n t r a t io n s ,  to  g r e a t ly  enhance  th e  r a t e  o f  
p h o to -o x id a t io n  o f  h y d ro c a rb o n s , w h ile  Lunak e t  a l  [27 ] have  
p ro v id e d  e v id e n c e  to  s u g g e s t  t h a t  th e  p h o to ly s i s  o f  hyd rogen  
p e ro x id e  does n o t  p ro ceed  i n  th e  a b sen ce  o f  t r a n s i t i o n  m e ta l 
i m p u r i t i e s .  In  o r d e r  to  e x p la in  th e  above o b s e r v a t io n s  B la c k  
[2 8 ] h a s  p ro p o sed  a h y d ro p e ro x id e -m e ta l  com plex a s  th e  i n i t i a t i n g  
s p e c ie s .T h is  e v id e n c e  s u g g e s ts  t h a t  an  e f f i c i e n t  m e ta l com plex ing  
a g e n t ,  p ro v id e d  i t  i s  l i g h t  s t a b l e ,  would a l s o  be a p o s s ib le  
polym er p h o t o s t a b i l i s e r .
e) I n te r c e p t io n  o f  P h o to -o x id a t io n  Pm dueta^,, The in f lu e n c e  
o f  c e r t a i n  m o le c u la r  p ro d u c ts  form ed d u r in g  th e  p h o to -o x id a t io n  
o f  p o ly o le f in s  upon th e  s u b se q u e n t p ro c e s s  h a s  been  r e a l i s e d .  
Out o f  a  v a r i e ty  o f  p ro d u c ts  fo rm ed , on ly  th e  h y d ro p e ro x id e s  a r e  
unan im ously  c i t e d  a s  b e in g  o f  p rim ary  im p o rta n c e  [ 2 ,2 9 ,3 0 ] .  The 
r o l e  o f  k e to n e s  i s  s t i l l  a  m a t te r  o f  d i s c u s s io n ,  c a rb o n y ls  b e in g  
p ro p o se d  a s  i n i t i a t i n g  s p e c ie s  v i a  an e x c i te d  s t a t e  q u e n ch in g  by 
h y d ro p e ro x id e  [ 4 ] ,  w h ile  th e  e f f e c t  o f o th e r  o x id is e d  p ro d u c ts  
such  a s  a ld e h y d e s , a c id s ,  and p e r a c id s  on th e  p h o to -o x id a t io n  h a s  
n o t  been  a s s e s s e d .
f )  R a d ic a l S caveng ing  A s im p l i f i e d  r e a c t i o n  scheme f o r  th e  
p h o to -o x id a t io n  o f  p o ly (p ro p y le n e )  i s  shown below  : -
PPH — » PP.
PP. + 0 - 0  ------------------- > PPOO.
PPOO. + PPH --------^  PPOOH + PP.
PPOOH ---------» PPO. + .OH
PPO. + PPH ------------ > PPOH + PP.
2 PPOO. ----------> p ro d u c ts
As may be s e e n , p o ly (p ro p y le n e )  p h o to - o x id a t io n  in v o lv e s  
lo n g  l iv e d  PPO^. r a d i c a l s ,  s h o r t e r  l i v e d  PPO. and PP. 
r a d i c a l s ,  and v e ry  s h o r t  l i v e d  .OH r a d i c a l s  [ 2 ] .  The sc a v e n g in g  
o f  any o f  th e s e  r a d i c a l  s p e c i e s ,  b u t p a r t i c u l a r l y  th e  i n i t i a l  
PP. r a d i c a l s ,  to  g iv e  non r e a c t i v e ,  p h o to s ta b le ,  p ro d u c ts  w i l l  
o b v io u s ly  c o n t r ib u te  to  s t a b i l i s a t i o n  o f  th e  polym er [31]*
lU
H indered  p h e n o ls  [3 2 ,3 3 ]  hav e  been  shown to  be e f f e c t i v e  
s c a v e n g e rs  o f  PPOO., w h ile  t r a n s i t i o n  m e ta l c h e la te s  a r e  p u t 
fo rw ard  a s  p o s s ib l e  s c a v e n g e rs  o f  ROO., RO., o r R. s p e c ie s  
[ 19] .  N i t ro x id e  r a d i c a l s  [34 ] and oxim es [35] a r e  e f f e c t i v e  UV 
s t a b i l i s e r s  and a r e  th o u g h t to  o p e ra te  v ia  an  a lk y l  r a d i c a l  
t r a p p in g  m echanism .
g ) A d d it iv e  T ra n s fo rm a tio n  Most s t a b i l i s e r  s y s te m s , when 
th ey  do undergo  change, do so  f o r  th e  w o rse . Long e x p o su re  to  
s u n l i g h t  may le a d  t o  p h o to p ro d u c ts  w hich a r e  th e m se lv e s  c o lo u re d , 
o r  to  bond s c i s s i o n  to  p ro d u ce  r a d i c a l s  o r  h a rm fu l ch rom ophoric  
s p e c ie s .
H indered  p h e n o ls  [ 36 ] how ever, can  r e a c t  w ith  peroxy  
r a d i c a l s  to  p roduce  r e l a t i v e l y  s t a b l e  r a d i c a l  s p e c ie s  w hich 
th e m se lv e s  w i l l  r e a c t  w ith  a n o th e r  peroxy  r a d i c a l .  T h is  i s  a  
l im i t e d  exam ple o f  t h i s  phenomenon, a s  th e  r e a c t i o n  i s  
i r r e v e r s i b l e ,  and th e  second  r a d i c a l  e n c o u n te re d  le a d s  t o  a  
q u in o n e  ty p e  s p e c ie s  w hich may a c t  a s  a  s e n s i t i s e r .
L ooking a t  th e  above d e s c r i p t i o n s ,  i t  i s  im m ed ia te ly  o b v io u s  
t h a t  many s t a b i l i s e r s  o p e ra te  by more th a n  one m echanism , and th e  
com ple te  e lu c i d a t i o n  o f  th e  v a r io u s  s t a b i l i s a t i o n  pathw ays u se d  
can  be e x tre m e ly  com plex.
I l
In  lo o k in g  f o r  a  v i a b l e  m echanism , i t  m ust a lw ays be bourne 
i n  mind th e  ty p e  o f  en v iro n m en t i n  w hich th e  a d d i t i v e  h a s  to  be 
e f f e c t i v e .  The c r y s t a l l i n i t y  and t a c t i c i t y  o f  th e  polym er w i l l  
be s u b je c t  to  a  g r e a t  d e a l  o f v a r i a t i o n ,  even w i th in  one ty p e , 
and t h i s  non-hom ogeneous en v iro n m en t m ust be ta k e n  i n to  a c c o u n t 
when a p p ly in g  r e s u l t s  from  th e  s o lu t i o n  p h a se , o r  from  more 
o rd e re d  s o l i d s .  The v a r i a t i o n  i n  c r y s t a l l i n i t y ,  i n  p a r t i c u l a r ,  
means t h a t  th e  c o n c e n t r a t io n  o f  any a d d i t iv e  w i l l  be s u b je c t  to  
v a r i a t i o n ,  s in c e  i t  w i l l  te n d  to  rem a in  i n  am orphous r e g io n s  
[37J*  P h o to -o x id a tio n  o f  a  p o ly o le f in  ta k e s  p la c e  i n  th e  
am orphous r e g io n s  o f  th e  m a tr ix  [ 3 8 ] ,  t h e r e f o r e  t h i s  can  be a 
h e lp  r a t h e r  th a n  a h in d e ra n c e
A gain due to  th e  inhom ogeneous n a tu r e  and g la s s y  c h a r a c te r  
o f  th e  medium, th e  d i f f u s i o n  o f  b o th  oxygen [ 3 9 ] ,  and s t a b i l i s e r  
[ 4 0 ] ,  w i l l  have to  be ta k e n  i n t o  a c c o u n t .
In  r e c e n t  y e a r s  th e  s e a rc h  h a s  gone on f o r  f u r t h e r  new 
c l a s s e s  o f  s t a b i l i s e r .  The m ost p ro m is in g  f in d  o f  r e c e n t  y e a r s  
h a s  been  th e  f a m ily  o f  s t a b i l i s e r s  b a sed  on 
2 , 2 , 6 ,6 - T e tr a m e th y lp ip e r id in e  (TMP), and d e r i v a t i v e s
t h e r e o f . These a r e  known a s  H indered  Amine L ig h t  - S t a b i l i s e r s  
(HALS). I t  was th e  p u rp o se  o f t h i s  s tu d y  to  a t te m p t  to  e lu c i d a t e  
th e  m echanism  w hereby th e s e  a d d i t i v e s  a c h ie v e  t h e i r  re m a rk a b le  
p h o t o s t a b i l i s i n g  a b i l i t y .
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2 INTRODUCTION 
2 :1  D isc o v e ry  o f  HALS
I n  th e  l a t e  1960*8, th e  s e a rc h  f o r  new c la s s e s  o f  polym er 
p h o t o s t a b i l i s e r s  le d  to  th e  c o n s id e r a t io n  o f  s t a b l e  n i t r o x id e  
r a d i c a l s  as p o s s ib l e  a d d i t i v e s .  The compounds w ere  a lr e a d y  w e ll 
known and c h a r a c t e r i s e d  from  t h e i r  u se  a s  s p in  p ro b e s  [ 4 1 ] ,  and 
t h e i r  u se  a s  a d d i t i v e s  was o r i g i n a l l y  c o n s id e re d  on th e  b a s i s  o f  
t h e i r  a b i l i t y  to  t r a p  r a d i c a l  s p e c ie s  p r e s e n t  d u r in g  th e  
o x id a t io n  o f  h y d ro ca rb o n s  [ 4 2 ] .  The re m a rk a b le  e f f i c i e n c y  o f  
th e s e  compounds i n  p r e v e n t in g  polym er p h o to -o x id a t io n  was n o ted
[ 4 3 ] , b u t th ey  have th e  d is a d v a n ta g e  o f  in te n s e  c o lo u r a t io n  -  
y e llo w  to  re d  -  w hich p r e v e n ts  t h e i r  com m ercial u sa g e .
Somewhat s u r p r i s i n g l y  i t  was soon  n o ted  by c h e m is ts  o f  th e  
Sankyo Company, t h a t  n o t  o n ly  th e  n i t r o x id e  r a d i c a l s ,  b u t 
s p e c i f i c  am ines , c o u ld  e x h i b i t  h ig h  p h o t o s t a b i l i s i n g  a b i l i t y
[ 4 4 ] .  The f i r s t  com m ercial po lym er s t a b i l i s e r  o f  t h i s  ty p e  was 
b a se d  on th e  h in d e re d  amine 2 ,2 ,6 ,6  -  T e t r a m e th y lp ip e r id in e ,  t h i s  
b e in g  in c o r p o r a te d  i n t o  a  l a r g e r  m o le c u le  (B is  ( 2 ,2 ,6 ,6  -  
t e t r a m e th y lp ip e r id in e )  s e b a c a te )  t o  p r e v e n t  l o s s  by 
v o l a t i l i s a t i o n ,  and known by th e  com m ercial name o f  T in u v in  770. 
A lm ost a l l  com m ercial s t a b i l i s e r s  o f  t h i s  ty p e  a r e  based  on th e  
2 ,2 ,6 ,6  -  T e t r a m e th y lp ip e r id in e  (TMP) n u c le u s ,  and t h i s  h a s  g iv e n  
them th e  g e n e r a l  name o f  h in d e re d  amine l i g h t  s t a b i l i s e r s  
(HALS).
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F i m ire 2 .1
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P r e s e n t  t r e n d s  i n  th e  f i e l d  o f  com m ercial HALS a r e  i n  th e  
d i r e c t i o n  o f  in c r e a s e d  m o le c u la r  w e ig h t [ 4 5 ] ,  p o ly m e ric  
s t a b i l i s e r s  [ 4 6 ] ,  i n c o r p o r a t io n  o f  HALS i n to  th e  polym er backbone 
[ 4 7 ] ,  and i n c l u s io n  o f  o th e r  s t a b i l i s i n g  s p e c ie s  i n t o  th e  HALS 2
m o le c u le  [ 4 8 ] .  T e r t i a r y  am ines , i . e .  1 -  a lk y l  -  2 ,2 ,6 ,6  -  
te t r a m e t h y lp i p e r i d in e s  a r e  a l s o  b e in g  used  c o m m erc ia lly  a s  
s u c c e s s f u l  p h o t o s t a b i l i s e r s  f o r  po lym ers [4 8 ,4 9 ,5 0 ]  (S ee  F ig u re  
2 .1  f o r  a  r e p r e s e n t a t i v e  sam ple o f  HALS i n  com m ercial u s e .)
A lthough HALS have been  i n  com m ercial u se  f o r  a lm o s t a  
d e c ad e , th e  m echanism  o f  t h e i r  s t a b i l i s i n g  a c t i o n  h a s  n o t y e t  
been  f u l l y  e lu c id a t e d .  The p i c t u r e  so  f a r  i s  o f  a  complex 
s t a b i l i s a t i o n  m echanism  in v o lv in g  m u l t i f u n c t io n a l  b e h a v io u r , and 
c o n v e rs io n  o f  th e  p a re n t  amine i n t o  o th e r  s t a b i l i s i n g  s p e c ie s .  A 
g r e a t  d e a l  o f l i t e r a t u r e  h a s  been  p u b lis h e d  c o n c e rn in g  th e  
s t a b i l i s a t i o n  m echanism  in v o lv e d  i n  th e  u se  o f HALS and 
d e r i v a t i v e s  t h e r e o f ,  and we w i l l  now p ro ce e d  t o  exam ine th e  ways 
i n  w hich HALS may be c o n v e r te d  to  o th e r  s p e c ie s ,  and how th e  
am ines and th e s e  d e r i v a t i v e s  can  a c t  a s  p h o t o s t a b i l i s e r s  f o r  
p o ly o le f in s .
2 :2  I n te r c o n v e r s io n  o f  HALS D e r iv a t iv e s
As has  been  n o te d  in  C h a p te r  1 , t h e r e  a r e -  few known 
s t a b i l i s e r s  f o r  w hich c o n v e rs io n  o f  th e  o r i g i n a l  compound to  
s t a b i l i s i n g  s p e c ie s  i s  s i g n i f i c a n t .  However, i n  th e  c a se  o f th e  
HALS th e r e  i s  a  g r e a t  d e a l  o f e v id e n c e  to  s u g g e s t  t h a t  t h i s  
p a r t i c u l a r  pathw ay i s  c r u c i a l  to  t h e i r  s u c c e s s ,  and t h e r e f o r e  we 
s h a l l  t r e a t  t h i s  a s  a  s e p a r a te  t o p ic ,  th e n  go on to  a s s e s s  th e  
a b i l i t y  o f  th e  HALS and t h e i r  d e r i v a t i v e s  t o  p e rfo rm  any o f  th e
I
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f u n c t io n s  m en tio n ed .
In  s tu d i e s  o f  p h o to -o x id a t io n  o f  p o ly o le f in s  c o n ta in in g  
HALS, i t  was n o te d  [ 5 1 , 52]  t h a t  th e  o r ig i n a l  amine a p p e a rs  t o  be 
r a p id ly  l o s t ,  and a low , s te a d y  s t a t e ,  c o n c e n t r a t io n  o f  n i t r o x id e  
r a d i c a l  i s  form ed -  a p p ro x im a te ly  2% [53] o f  th e  o r ig i n a l
a d d i t iv e  c o n c e n t r a t io n .  The r e a c t i o n  w hereby t h i s  c o n v e rs io n  i s  
a c h ie v e d  was p ro p o sed  by C h a k ra b o rty  and S c o t t  [54 ] to  be due to  
r e a c t i o n  o f  HALS w ith  h y d ro p e ro x id e  fo llo w e d  by r e a c t i o n  w ith  th e  
polym er u nder o x id is in g  c o n d i t io n s
/ N H  + H O O R  - - - - - - - - > N -  + H 2 Û  + R0-
NO'  ' OH
However, a s  i s  im m ed ia te ly  a p p a re n t ,  t h i s  scheme c r e a te s  many 
r a d i c a l  s p e c ie s  w hich a r e  c a p a b le  o f  u n d e rg o in g  H -  a b s t r a c t i o n  
r e a c t i o n s ,  and t h i s  w ould a p p e a r  to  make th e  HALS o p e ra te  a s  an 
a c c e l e r a t o r ,  r a t h e r  th a n  an  i n h i b i t o r ,  o f  p h o to -o x id a t io n .  
S e d la r  e t  a l  [5 5 ] s u g g e s te d  t h a t ,  due to  th e  h ig h  b a s i c i t y  o f 
HALS, th e s e  compounds w ould a s s o c i a t e  w ith  a c i d i c  g ro u p s  such  a s  
h y d ro p e ro x id e s  i n  th e  po lym er, and th e y  p ro p o sed  th e  fo llo w in g  
schem e [56 ] : -  |__|
/ N H - ^ R O O H  ; = ^ / N ; "  
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I t  i s  im p o r ta n t  to  n o te  a t  t h i s  p o in t  t h a t  th e  r e a c t i o n  betw een  
HALS and ROOH i s  s to i c h io m e t r i c  and n o t c a t a l y t i c .
C a r ls s o n  e t  a l  [5 7 ] have s u g g e s te d  t h a t  th e  n i t r o x i d e ,  l i k e  
th e  p a re n t  am ine, may be a b le  to  a s s o c i a t e  w ith  h y d ro p e ro x id e , 
and th u s  be a v a i l a b l e  f o r  f u r t h e r ,  r a d i c a l  t r a p p in g ,  r e a c t i o n s  i n  
o x id is e d  a r e a s  o f  a  po lym er. The r e s i d u a l  l e v e l  o f  NO. in  
p o ly o le f in s ,  even ta k in g  t h i s  p o s s i b i l i t y  i n t o  a c c o u n t , i s  n o t  
enough to  e x p la in  th e  e x c e l l e n t  p h o to s t a b i l i s n g  b e h a v io u r  o f  th e  
HALS [ 5 1 ] .  N i t ro x id e s  can  a c t  a s  a lk y l  r a d i c a l  t r a p s  [ 5 2 ] ,  and 
some form  o f  e f f i c i e n t  r e g e n e r a t iv e  m echanism  o r c o n v e rs io n  o f  
th e  n i t r o x id e  to  y e t  a n o th e r  s t a b i l i s e r  s p e c ie s  i s  r e q u i r e d .  
E v idence  f o r  th e  a b i l i t y  o f  n i t r o x id e s  to  r e a c t  w ith  p o ly m e ric  
a lk y l  r a d i c a l s  comes from  a  s e r i e s  o f  e x p e rim e n ts  on 
p o ly (p ro p y le n e )  s t a b i l i s e d  by a  b i f u n c t io n a l  HALS c a r r i e d  o u t by 
Hodgeman [52] f o r  w hich th e  fo llo w in g  r e a c t i o n  scheme was 
p ro p o sed
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F u r th e r  r e s u l t s  from  th e  same a u th o r  [53 ] show t h a t  a 
maximum o f 20? o f  th e  r a d i c a l s  form ed a r e  g r a f t e d  o n to  th e  
po lym er; t h i s  i s  v e ry  d i f f e r e n t  from  th e  f i g u r e  o f  80? o f  th e  
t o t a l  a d d i t iv e  c o n c e n t r a t io n  g r a f t e d  t o  th e  polym er s u g g e s te d  by 
C a r ls s o n  e t  a l  [ 5 8 ] ,  a lth o u g h  th e  l a t t e r  f i g u r e  was o b ta in e d  by 
i n d i r e c t  m eans.
In  an  e a r ly  p a p e r  on th e  s u b je c t ,  S h ilo v  [5 9 ] s u g g e s te d  t h a t  
n i t r o x id e  r a d i c a l s  m igh t be r e g e n e r a te d  from  th e  polym er g r a f t e d  
h y d roxy lam ine  e th e r s  v i a  r e a c t i o n  w ith  polym er hyd ro p ero x y  
r a d i c a l s
PPOO* ^ N O P P  - - - - - - - - - - > PPOOPP ^NO'
Hodgeman [53] a l s o  p ro p o sed  such  a  m echanism , s u g g e s t in g  th e  
g e n e ra l  scheme
R a d -  R 0 0 ‘
Even com bining  th e  r e a c t i o n  betw een  R. and NO,, fo llo w e d  by 
NOR r e a c t i n g  w ith  ROO. to  r e g e n e r a te  th e  r a d i c a l ,  th e  e x te n t  o f 
p h o t o s t a b i l i s a t i o n  a s s o c ia te d  w ith  HALS i s  s t i l l  n o t  f u l l y  
e x p la in e d . C h ak rab o rty  and S c o t t  [60 ] n o ted  t h a t ,  d u r in g  th e rm a l 
and m ec h a n ic a l d e g ra d a t io n  o f  p o ly o le f in s  s t a b i l i s e d  w ith  HALS, a  
hyd roxy lam ine  in te r m e d ia te  was fo rm ed , G r a t ta n  e t  a l  [ 6 1 ] ,  u s in g
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a  model system  under m ild  th e rm a l d e g ra d a t io n  c o n d i t io n s ,  
p ro p o sed  th e  fo l lo w in g  scheme
NO CN NO- +
NO- + CN
c a g e
N O H +  - N CN
I n  th e  p re se n c e  o f  0^ th e  n i t r o x id e  i s  r e g e n e r a te d ,  w ith o u t 0^ 
( o r  a n o th e r  r a d i c a l  s c a v e n g e r)  a  hyd roxy lam ine  i s  fo rm ed . I t  was 
a l s o  n o ted  t h a t  d e c o m p o s itio n  to o k  p la c e  50 tim e s  f a s t e r  i n  th e  
p re s e n c e  o f a  r a d i c a l  s c a v e n g e r , such as  0^. B a g h e ri e t  a l  [62 ] 
have r e c e n t ly  p roduced  e v id e n c e  to  su g g e s t  t h a t  hyd roxy la m in e s  
may p lay  an im p o r ta n t  r o l e  b o th  d u r in g  polym er p r o c e s s in g  and i n  
th e  c o u rse  o f  p h o to -o x id a t io n .  They have p roduced  a  scheme 
w hereby th e  h yd roxy lam ine  i s  shown to  be o f c r u c i a l  im p o rta n c e  a s  
a  r e g e n e r a t iv e  in te r m e d d ia te .  P re v io u s  work [63 ] on th e rm a l 
a u to x id a t io n  i n h i b i t i o n  by hydroxy la m in e s  s u g g e s ts  t h a t  th ey  a re  
a l s o  p o w erfu l s c a v e n g e rs  o f  peroxy  r a d i c a l s .  The r e a c t i o n  
sequence  p ro p o sed  by B a g h e r i [62 ] i s  a s  fo llo w s
NO- + P P
/N -  P P O N
NQH +
B
P P O O
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The r e l a t i v e  r a t e s  o f  r e a c t i o n s  A and B w i l l  d e te rm in e  th e  r a t i o  
o f  n i t r o x id e  to  hy d ro x y lam in e  i n  th e  sy stem .
The u se  o f t e r t i a r y  h in d e re d  am ines a s  s u c c e s s f u l  polym er 
p h o t o s t a b i l i s e r s  p o se s  a  problem  a s  f a r  a s  i n te r c o n v e r s io n  g o e s . 
F e ld e r  [64 ] h a s  shown t h a t  p o ly (p ro p y le n e )  sam p les  c o n ta in in g  N -  
a lk y l  s u b s t i t u t e d  HALS a t t a i n  a  s te a d y  s t a t e  p o p u la t io n  o f  NO., 
b u t a t  much low er c o n c e n t r a t io n  th a n  t h a t  f o r  seco n d a ry  am ines. 
T h is  may r e s u l t  from  a s lo w e r r a t e  o f  r e a c t i o n  i n  th e  scheme 
s u g g e s te d  by S e d la r  [56 ] and shown above. C h inese  a u th o r s  [65] 
have s u g g e s te d  a two s te p  p r o c e s s ,  and J e n s e n  e t  a l  [6 6 ] p ro p o se  
a mechanism in v o lv in g  a t t a c k  by an 0 -  c e n tr e d  r a d i c a l  on th e  
t e r t i a r y  HALS to  c o n v e r t  i t  to  a  seco n d a ry  s p e c ie s ,  and 
su b se q u e n t r e a c t i o n  o f  th e  se co n d a ry  amine i n  th e  above schem es.
a) S c re e n in g  Com paring th e  UV /  V is ib le  a b s o r p t io n  s p e c t r a  
o f  2 ,2 ,6 ,6  -  t e t r a m e th y lp ip e r id in e  (TMP) and t - B u ty l
h y d ro p e ro x id e  (t-BuOOH) (F ig u re  2 .2 ) ,  i t  i s  c l e a r  t h a t  th e  
p o s s i b i l i t y  o f  a  h in d e re d  amine a c t in g  a s  a  s im p le  UV s c re e n e r  
m ust be r u le d  o u t .  To o b ta in  e f f i c i e n t  s c r e e n in g  w ith  r e g a rd  to  
h y d ro p e ro x id e , th e  v a lu e  o f th e  e x t i n c t i o n  c o e f f i c i e n t  f o r  TMP 
w ould have to  be a t  l e a s t  t h r e e  o r d e r s  o f  m agn itude  h ig h e r  i n  th e  
r e g io n  300-350nm. A s im i l a r  s i t u a t i o n  e x i s t s  f o r  th e  n i t r o x id e  
TMPC i n  th e  low w a v e len g th  r e g io n .  At h ig h e r  w a v e le n g th s , th e  
n i t r o x id e  a b s o rb s  c o n s id e r a b ly  more l i g h t  th a n  th e  
h y d ro p e ro x id e . Thus, th e  e l e c t r o n i c  e x c i t a t i o n  o f  th e  n i t r o x id e  
may ta k e  p la c e ,  l e a d in g  to  a  number o f p o s s ib ly  u n d e s i r a b le
20
Figure 2.2
Comparison of the UV/Yisibla absorption spectrum of 2,2,6,o-tetramethylpiperidine and its 
nitroxide derivitive with that of tBuOOH.
/  -1 E (I mol c m
no
e m p o
TMP
no
450250 350
nm
21
p h o to ch e m ic a l r e a c t i o n s .
b) E x c i te d  S t a t e  Q uenching S im i la r ly  to  n i t r i c  o x id e ,
n i t r o x id e  r a d i c a l s  a r e  p a ra m a g n e tic , and a r e  good e l e c t r o n  
a c c e p to r s .  T h is  e n a b le s  them to  quench b o th  s i n g l e t  and t r i p l e t  
EES, i n  th e o ry .  I n v e s t i g a t o r s  have  shown [3 1 ,6 7 ,6 8 ,6 9 ,7 0 ]  t h a t ,  
w h ile  h in d e re d  am ines th e m se lv e s  a r e  poor q u e n c h e rs  o f  EES and 
s i n g l e t  oxygen, th e  d e r iv e d  n i t r o x id e s  a r e  c a p a b le  o f a c t i n g  a s  
m o d e ra te ly  e f f i c i e n t  q u e n c h e rs  o f  EES o f c a rb o n y l and a ro m a tic  
compounds, i n  th e  l i q u i d  p h a se .
The lo n g  d i s t a n c e  q u e n c h in g  o f  EES by n i t r o x id e s  c a n n o t, 
how ever, be c o n s id e re d  o f  p rim ary  im p o r ta n c e . H e l le r  and 
B la ttm a n n  [31] have  c a l c u la t e d  t h a t  an  e f f e c t i v e  lo n g  -  d i s t a n c e  
q u en ch er h a s  to  p o s s e s s  th e  a b s o r p t io n  c h a r a c t e r i s t i c s  o f  an 
e f f i c i e n t  UV s c r e e n e r ;  t h i s  i s  c l e a r l y  n o t th e  c a s e .
In  th e  c a se  o f  c o l l i s i o n a l  mode q u e n c h in g , th e  s i t u a t i o n  i s  
n o t  so  c l e a r  c u t .  A lthough th e  c a lc u la t e d  [31 ] c o n c e n t r a t io n  
r e q u i r e d  to  o b ta in  an  a p p r e c ia b le  q u en ch in g  e f f i c i e n c y  i s  f a r  i n  
e x c e s s  o f  com m ercial a d d i t i v e  c o n c e n t r a t io n s ,  and much h ig h e r  
th a n  th e  r e s i d u a l  l e v e l  o f  n i t r o x id e  th o u g h t to  be p r e s e n t  i n  a 
p h o to -o x id is in g  polym er sy s tem , t h e r e  i s  th e  p o s s i b i l i t y  o f  l o c a l  
c o n c e n t r a t io n  o f  th e s e  r a d i c a l s .  In  a d d i t io n ,  an " a s s o c ia t io n  
be tw een  n i t r o x y l s  and ROOH h a s  been  r e p o r te d  b o th  i n  s o lu t io n  
[5 7 ] and i n  polym er m a tr ix  [ 7 1 ] ,  and t h i s  may be o f  p a r t i c u l a r  
im p o rta n c e  to  th e  f a t e  o f  a  h y d ro p e ro x id e  e x c i t e d  s t a t e .
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As n o te d  a l r e a d y ,  h y d ro p e ro x id e s  have  d i s s o c i a t i v e  e x c i te d  
s t a t e s ,  i . e .  bond r u p tu r e  o c c o u rs  b e fo re  th e  en erg y  a b so rb ed  can  
be d i s s i p a t e d  i n  any o th e r  way. However, i f  th e  h y d ro p e ro x id e  i s  
i n  a s s o c i a t i o n  w ith  a  n i t r o x id e ,  th e  p o s s i b i l i t y  e x i s t s  o f  i t s  
b e in g  a b le  to  d i s s i p a t e  th e  energy  p h y s ic a l ly  and re -e m e rg e  
unchanged . A schem e f o r  t h i s  was s u g g e s te d  by S e d la r  [72]
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The o v e r a l l  e f f e c t  w ould th e n  a p p e a r  a s  a  c h em ica l q u en ch in g  o f  
h y d ro p e ro x id e  by th e  n i t r o x id e .
c) D eco m p o sitio n  o f  H ydroperox ide  Some c o n tro v e rs y  
su rro u n d s  th e  a b i l i t y  o f  HALS to  a c t i v e l y  decom pose ROOH s p e c ie s  
t o  non -ch ro m o p h o ric  p r o d u c ts .  U s i l to n  and P a t e l  [ 7 3 ] ,  and 
G r a t ta n  e t  a l  [7 4 ]  have  b o th  s u g g e s te d  t h a t  d e c o m p o s itio n  o f  ROOH
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was a p l a u s i b l e  m echanism . C a r ls s o n  e t  a l  [7 5 ] r e p o r te d  on th e  
a b i l i t y  o f  HALS to  r a p id ly  decompose p o ly ( p ro p y le n e )  
h y d ro p e ro x id e s , w h ile  Dulog and B le h e r  [ 76 ] have n o ted  t h a t  
n i t r o x id e s  c o n t r ib u te  to  th e  d e c o m p o s itio n  o f  ROOH, a lth o u g h  th e  
l a t t e r  work was c a r r i e d  o u t a t  e le v a te d  te m p e ra tu re s .  The 
r e s u l t s  o f  C a r ls s o n  [75] hav e  been  c a l l e d  i n t o  q u e s t io n  by S e d la r  
e t  a l  [ 5 6 ] ,  and th e  same a u th o r s  [77] have shown t h e r e  to  be no 
s i g n i f i c a n t  e f f e c t  o f  HALS on ROOH d e c o m p o s itio n . I t  m ust be 
rem em bered however t h a t  i n  a  polym er m a tr ix  th e  r e s u l t s  from  a 
s o lu t i o n  phase e x p e rim e n t may n o t be a p p l i c a b l e ,  th u s  th e  
q u e s t io n  o f  HALS a b i l i t y  to  decompose ROOH rem a in s  open.
d) Com plexing of. T race  M e ta ls  As p r e v io u s ly  s t a t e d ,  l i t t l e  
work h a s  been  c a r r i e d  o u t  on th e  e f f e c t  o f t r a c e  m e ta ls  on th e  
p h o to -o x id a t io n  o f  p o ly o le f in s ,  and l e s s  h a s  been  p u b lis h e d  on 
th e  a b i l i t y  o f  s p e c i f i c  s t a b i l i s e r s  t o  i n t e r a c t  w ith  m e ta l io n s .  
S e d la r  e t  a l  [5 6 ] have r e p o r te d  f in d in g  t h a t  HALS i n t e r f e r e  w ith  
a  ROOH a n a ly s i s  m ethod u s in g  F e ( I I I ) .  E x p e rim en ts  on th e  
p h o to -o x id a t iv e  d e g ra d a t io n  o f  te tra m e th y ln o n a n e  c a r r i e d  o u t i n  
th e  p re s e n c e  o f Ti(OBu)^ [ 7 8 ] ,  and HALS, n o ted  s u p p re s s io n  o f  th e  
a u t o c a t a l y t i c  n a tu r e  o f  th e  r e a c t i o n .  R e s u l ts  s u g g e s t  t h a t  HALS, 
a lth o u g h  p ro b a b ly  u n a b le  to  i n h i b i t  th e  i n i t i a t i o n  due to  tBuO. 
r a d i c a l s ,  i s  i n t e r c e p t i n g  th e  s p e c ie s  c a u s in g  a u to a c c e l e r a t io n .
e) I n te r c e p t io n  o f  M o le c u la r  P ro d u c ts  The in f lu e n c e  o f
c e r t a i n  m o le c u la r  p r o d u c ts ,  form ed d u r in g  th e  p h o to -o x id a t io n  o f  
p o ly o le f in s ,  upon th e  su b se q u e n t d e g ra d a t io n  p ro c e s s  h a s  been  
r e a l i s e d .  Of th e  v a r i e t y  o f  p ro d u c ts  fo rm ed , we have a l r e a d y  
n o te d  t h a t  on ly  th e  h y d ro p e ro x id e s  a r e  g e n e r a l ly  a c c e p te d  a s  
i n i t i a t o r s  o f  p rim ary  im p o rta n c e  [ 2 ] .  As h a s  a l r e a d y  been
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d e t a i l e d  i n  S e c t io n  2 :2 ,  i n t e r a c t i o n  betw een  HALS and ROOH i s  t
c o n s id e re d  by some a u th o r s  to  be o f fu n d am en ta l im p o rta n c e  to  th e  
p h o t o s t a b i l i s a t i o n  o f  p o ly o le f in s  [ 5 5 ,5 6 ,5 7 ] .  I t  i s  th u s  
s u g g e s te d  t h a t  HALS, due to  t h e i r  h ig h  b a c i s i t y ,  a r e  c a p a b le  o f 
i n t e r c e p t in g  a c id i c  p ro d u c ts  o f  p o ly o le f in  p h o to -o x id a t io n  e i t h e r  
v i a  H -  bond ing  [55 ] o r  v i a  ammonium s a l t  fo rm a tio n  [ 5 6 ] ,  T h is 
a s s o c i a t i o n  w i l l  i n  t u r n  le a d  to  a  s tro n g  l o c a l  c o n c e n t r a t io n  o f  
th e  s t a b i l i s i n g  s p e c ie s  i n  th e  m ost v u ln e r a b le  o x id is e d  a r e a s .
P h o to ly s i s  o f  t h i s  ROOH -  HALS a s s o c i a t i o n  w i l l  r e s u l t  
i n i t i a l l y  i n  fo rm a tio n  o f  a lk o x y  and h y d ro x y l r a d i c a l s ,  a s  w ould 
happen  i n  th e  c a se  o f  ROOH a lo n e , b u t w ith  th e  p ro x im ity  o f  HALS 
th e  r a d i c a l s  so form ed m ig h t be e x p e c te d  t o  undergo  r e a c t i o n s  to  
p roduce  n o n - r a d ic a l  s p e c ie s  such  a s  h y d ro x y la m in e s  and 
h y d roxy lam ine  e th e r s  w h ich , a s  d e t a i l e d  p r e v io u s ly ,  may 
th em se lv e s  a c t  a s  s t a b i l i s i n g  s p e c i e s .  C hien  [ 79 ] h a s  n o te d  t h a t  
h y d ro p e ro x id e s  i n  p o ly (p ro p y le n e )  te n d  to  h y d ro g en  bond i n  1 ,3  
f a s h io n ,  t h e r e f o r e  any c o m p le x a tio n  betw een  HALS and ROOH w i l l  
have to  com pete w ith  t h i s .  The v a lu e s  o f  a s s o c i a t i o n  c o n s ta n ts  
f o r  model sy s te m s  w i l l  be exam ined l a t e r .
A lle n  and M cK ellar [80 ] have  s u g g e s te d  t h a t  d e g ra d a t io n  o f  
p o ly o le f in s  m ig h t be due i n  p a r t  to  th e  a c t i o n  o f  « < ,/* -  
u n s a tu r a te d  k e to n e s .  F o llo w in g  a b s o r p t io n  o f  a  p h o to n , th e s e  a r e  
is o m e r is e d  to  -  u n s a tu r a te d  s p e c i e s ,  w hich may th e n  p ro ceed  
to  g iv e  r a d i c a l s  and f u r t h e r  u n s a tu r a te d  s p e c ie s  v i a  th e  w e ll  
known N o rr is h  type  I  & I I  r e a c t i o n s  [ 8 1 ] .  The m echanism  p ro p o sed  
[ 82 ] i s  f o r  HALS to  p re v e n t  i s o m é r i s a t io n  by r a p id ly  d o n a tin g  a 
hydrogen  atom to  th e  p h o to d is s o c ia te d  0 -  H bond b e fo re  th e
hy d rogen  atcm  from  t h a t  bond a t t a t c h e s  i t s e l f  t o  th e  o( -  ca rb o n
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atom , i . e .
I I I
C—  C— c c  -  
0
h v
A
A lle n  e t  a l  [8 3 ]  a l s o  s u g g e s t  a  r e a c t i o n  betw een  c<, ^  -  
u n s a tu r a te d  k e to n e s  and n i t r o x id e  r a d i c a l s ,  a lo n g  s i m i l a r  l i n e s .
T here  a r e ,  how ever, s e v e r a l  p rob lem s w ith  t h i s  m echanism , 
n o t l e a s t  o f  w hich i s  th e  l a c k  o f  ag reem en t o v e r  w h e th e r th e  
p h o sp h o re sc e n ce  s p e c t r a  u sed  to  i d e n t i f y  th e  s p e c ie s  a r e  i n  f a c t  
cau sed  by -  u n s a tu r a te d  c a rb o n y ls  i n  th e  f i r s t  p la c e  [ 2 ,6 ] ,
a s  a l r e a d y  n o ted  i n  S e c t io n  1 :1 .  The m echanism s r e q u i r e  
e x tre m e ly  f a s t  h y d ro g en  t r a n s f e r ,  o r  r a d i c a l  a t t a c k  by n i tro x id e . ,  
so m eth in g  w hich m igh t n o t be p o s s ib le  i n  a  po lym er m a tr ix .  In  
th e  c a se  o f t e r t i a r y  am ines, H -  t r a n s f e r  i s  o b v io u s ly  d ep en d en t 
on th e  c o n v e rs io n  o f  th e  o r i g i n a l  m a te r i a l  to  a  seco n d a ry  am ine. 
L a s t ly ,  th e  b a s ic  -  u n s a tu r a te d  k e to n e  i s  s t i l l  l e f t  i n t a c t ,  
a b le  to  a b s o rb  and p o s s ib ly  t r a n s f e r  e n e rg y , r e s u l t i n g  i n  bond 
s c i s s i o n  and r a d i c a l  fo rm a tio n .
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f )  R a d ic a l S caveng ing  T h is  a s p e c t  o f  th e  p h o t o s t a b i l i s i n g  
a b i l i t y  o f HALS i s  u s u a l ly  c o n s id e re d  i n  te rm s  o f  th e  
c o rre s p o n d in g  n i t r o x id e  d e r i v a t i v e s  w hich a r e  th o u g h t to  be 
e f f i c i e n t  a lk y l  r a d i c a l  t r a p s  [8 4 3 . T h is  a b i l i t y  i s  c o n fe r re d  by 
th e  e x is te n c e  o f f r e e  v a le n c y  l o c a l i s e d  on th e  oxygen [8 5 3 . 
N i t ro x id e s  can  r e a d i ly  d im e r is e  [ 8 6 ] ,  and i f  c<~ h y d rogens a r e  
a v a i l a b l e ,  th en  d i s p r o p o r t i o n a t io n  may ta k e  p la c e .  HALS o f 
c o u rse  c o n ta in  no Oi-  h y d ro g en s , and th e  e f f e c t  o f  th e  
d i s p r o p o r t i o n a t io n  r e a c t i o n  can  be se e n  i n  com paring  th e  s u p e r io r  
p h o t o s t a b i l i s i n g  a b i l i t y  o f  2 , 2 , 6 ,6 ~ T e tra m e th y lp ip e r id in e  w ith  
th e  p o o re r  a b i l i t y  o f  2 ,6 - D im e th y lp ip e r id in e  [ 5 6 ] .
The m echanism s w hereby th e  n i t r o x id e  r a d i c a l s  a r e  form ed 
frcan th e  p a re n t  am ines , a lo n g  w ith  s u b se q u e n t r e a c t i o n s  to  form  
o th e r ,  s u b s t i t u t e d ,  p ro d u c ts  have  been  d e s c r ib e d  i n  S e c t io n  2 :2 ;  
b u t h e re  we w i l l  lo o k  a t  th e  m echanism , and e f f i c i e n c y ,  o f 
r a d i c a l  s c a v e n g in g  by HALS d e r i v a t i v e s  i n  m ore d e t a i l .
I n  a  com p reh en siv e  i n v e s t i g a t i o n  o f  p o ly (p ro p y le n e )  
p h o to d e g ra d a t io n  and th e  e f f e c t  o f HALS and d e r i v a t i v e s  on th e  
p ro c e s s  C a r ls s o n  e t  a l  [8 7 ]  c o n c lu d e  t h a t  o n ly  a  sm a ll f r a c t i o n  
o f  peroxy  r a d i c a l s  c a u se  th e  b u lk  o f  th e  d e g ra d a t io n .  Most 
t e r m in a te ,  a f t e r  on ly  a few p ro p o g a tio n  s t e p s ,  w ith  o th e r  peroxy  
r a d i c a l s  descended  from  th e  same i n i t i a t i n g  e v e n t .  The few t h a t  
e sc a p e  t h i s  seco n d a ry  cage re c o m b in a tio n  p roduce  lo n g  -  l iv e d  
s p e c ie s  o f  h ig h  k i n e t i c  c h a in  l e n g th .  I t  i s  s u g g e s te d  t h a t  HALS 
and t h e i r  d e r i v a t i v e s  s t a b i l i s e  p o ly (p ro p y le n e )  by a c t in g  a s  
i n e f f i c i e n t  s c a v e n g e rs  o f  m a c ro a lk y l and raacroperoxy r a d i c a l s .  
N i t ro x id e  a s s o c i a t i o n  w ith  o x id is e d  dom ains i s  p o s s ib le  [ 5 7 ] ,
'4•ï27t o g e th e r  w ith  d e c o m p o s itio n  o f  th e  g r a f t e d  s u b s t i t u t e d  j
h y d roxy lam ine  e t h e r s  i n  th e s e  o x id is e d  r e g io n s  [5 3 3 .
The a u th o r s  [87 ] a l s o  n o ted  t h a t  bo th  th e  p a r e n t  HALS and 
i t s  n i t r o x id e ,  when i n i t i a l l y  compounded w ith  s e p a r a te  
p o ly (p ro p y le n e )  sa m p le s , a r e  q u ic k ly  red u ced  i n  c o n c e n t r a t io n  
d u r in g  p h o to -o x id a t io n ,  and c o n c lu d ed  t h a t  th e  p h o t s t a b i l i s a t i o n  
o f  a  p o ly (p ro p y le n e )  f i lm  c o n ta in in g  HALS a s  a d d i t i v e  m ust occo u r 
i n  th e  p re s e n c e  o f  a  low r e s i d u a l  NO. c o n c e n t r a t io n ,  and i n  th e  
p re s e n c e  o f th e  g r a f t e d  hyd roxy lam ine  e t h e r .  Work w ith  model 
sy s tem s showed t h a t  n i t r o x id e s  and h y d roxy lam ine  e th e r s  can  be 
e x p e c te d  to  o p e ra te  on ly  a s  v e ry  weak r a d i c a l  s c a v e n g e rs , however 
th e  a u th o r s  s u g g e s t  t h a t  t h i s  sh o u ld  be enough to  m arked ly  a f f e c t  
th e  low p o p u la t io n  o f  h ig h  k i n e t i c  c h a in  le n g th  r a d i c a l s .
L a te r  work by th e  same group [ 8 8 ] ,  u s in g  th e  d im e r ic  
s t a b i l i s e r  T in u v in  770, s u g g e s te d  th e  fo llo w in g  r e a c t i o n  seq u en ce
(w here  PP = P o ly (p ro p y le n e ) )  PPON -  NOPP
i
PPON -  NH —  PPON -  NO.
A11
HN -  NH --------------> .ON -  N H ------- ^  .ON -  NO.
The m o n o n itro x id e  w i l l  e x i s t  i n  v e ry  low c o n c e n t r a t io n  com pared 
w ith  th e  g r a f t e d  d i s p e c i e s
R e g e n e ra tio n  o f  n i t r o x id e  w i l l  p ro ce e d  v i a  th e  r a d i c a l  
t r a p p in g  c y c le  a lr e a d y  d e f in e d ,  i . e .
NO. + PP. ----- ? NOPP
NOPP + PPOO.— >N0. + PPOOPP
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The a u th o r s  [88 ] c o n s id e r  t h a t ,  a f t e r  a  p e r io d  o f 
p h o to -o x id a t io n ,  th e  hy d ro x y lam in e  e th e r  w i l l  be th e  p red o m in an t 
s t a b i l i s e r  d e r iv e d  s p e c ie s  i n  a  p o ly o le f in  m a tr ix .  The 
dependence o f  th e  d e c o m p o s itio n  r a t e  o f h y d roxy lam ine  e th e r s  on 
th e  p o l a r i t y  o f  th e  e n v iro n m en t im p l ie s  t h a t  NOPP d e c o m p o s itio n , 
and hence sc av e n g in g  o f  m acroperoxy r a d i c a l s ,  sh o u ld  be m ost 
r a p id  i n  h ig h ly  o x id is e d  dom ains w i th in  th e  po lym er.
As we have now se e n , t h e r e  i s  some d i f f e r e n c e  o f o p in io n  
o v e r  th e  e f f i c i e n c y  o f  n i t r o x id e s  a s  r a d i c a l  t r a p s .  Some a u th o r s  
[ 5 2 , 8 9 ] have ten d e d  to  c o n c lu d e  t h a t  th e  n i t r o x id e  r a d i c a l s  a r e  
th e  o n ly  s p e c ie s  in v o lv e d  i n  th e  p h o t o s t a b i l i s a t i o n  m echanism  o f  
HALS, b u t t h i s  h a s  been  q u e s t io n e d  [56] on th e  g ro u n d s t h a t  t h e r e  
i s  o n ly  a  low p e rc e n ta g e  o f  th e  o r ig i n a l  HALS p r e s e n t  a s  a  s te a d y  
s t a t e  p o p u la t io n  o f  r a d i c a l s .  As n o te d  a l r e a d y ,  even com bining  
th e  sc a v e n g in g  o f  a lk y l  r a d i c a l s  by n i t r o x id e s ,  and peroxy  
r a d i c a l s  by h yd roxy lam ine  e t h e r s ,  can n o t e x p la in  th e  e x c e l l e n t  
p h o t o s t a b i l i s i n g  a b i l i t y  o f  HALS. M oreover, A lle n  [90 ] h a s  shown 
t h a t  th e  amount o f  n i t r o x id e  r a d i c a l s  form ed from  HALS i s  
d ep en d en t on th e  h y d ro p e ro x id e  c o n c e n t r a t io n .  In  a  s e r i e s  o f  
e x p e rim e n ts  on p r e - o x id is e d  p o ly (p ro p y le n e )  sa m p le s , i t  was shown 
t h a t  NO. c o n c e n t r a t io n  in c r e a s e d  w ith  r i s i n g  ROOH c o n te n t ,  b u t 
t h a t  th e  s h o r t e s t  e m b r i t t le m e n t  t im e s  o cco u red  f o r  sam ples ?
c o n ta in in g  th e  h ig h e s t  c o n c e n t r a t io n s  o f  n i t r o x id e  r a d i c a l s .
Even though in  a l l  c a s e s  th e  d e g ra d a t io n  t im e s  w ere  h ig h e r  th a n  
t h a t  o f  an  u n s t a b i l i s e d  sam p le , t h i s  i n d i c a t e s  t h a t  h ig h  
s t a b i l i t y  need n o t be c o n n e c te d  w ith  th e  p re s e n c e  o f  n i t r o x id e  
r a d i c a l s .  A s im i l a r  c o n c lu s io n  may be drawn from  th e  work o f 
F e ld e r  e t  a l  [6 4 ] a l r e a d y  m en tio n ed .
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B e s id e s  th e  n i t r o x id e  r a d i c a l s  and h y d ro x y lam in e  e th e r s ,  th e  
p o s s i b i l i t y  o f r a d i c a l  t r a p p in g  by HALS -  d e r iv e d  h y d ro x y lam in es  
h a s  been  s u g g e s te d  [ 6 2 ] .  The 0 -  H bond d i s s o c i a t i o n  e n e rg y  o f 
th e s e  compounds i s  q u i t e  low [ 9 1 ] .  They have been  shown [63 ] to  
a c t  a s  peroxy  r a d i c a l  s c a v e n g e rs  v i a  h y d rogen  t r a n s f e r ,  w ith  a 
r a t e  c o n s ta n t  o f  c . 5 x  10^ s " ^ ,  w hich ra n k s  them among th e
more p o w erfu l c h a in  -  b re a k in g  a n t i o x id a n t s .  The a c tu a l  s te a d y  
s t a t e  c o n c e n t r a t io n  o f  such  s p e c ie s  w ould be s m a ll .  
H ydroxylam ines may be form ed v i a  p h o to ly s i s  o f  ROOH -  HALS 
a s s o c i a t i o n s  a s  shown e a r l i e r ,  o r  v i a  th e  th e rm a l d i s s o c i a t i o n  o f  
hydroxy lam ine  e th e r s  [ 6 1 ] .  The schem e p roposed  f o r  t h i s  i s  shown 
i n  s e c t io n  2 :2 .  R e a c tio n  scheme B p re d o m in a te s  i n  th e  p re se n c e  
o f  oxygen, b u t i t  h a s  been  s u g g e s te d  [92 ] t h a t  i n  th e  polym er 
m a tr ix  r e a c t i o n  A m ig h t become im p o r ta n t .  C h a k ra b o rty  and S c o t t  
[6 0 ] have  o b se rv e d  a  s te a d y  b u ild u p  o f  u n s a tu r a t i o n  d u r in g  
p h o to -o x id a t io n  o f  HALS s t a b i l i s e d  p o ly ( p ro p y le n e ) ,  and a t t r i b u t e  
t h i s  to  r e a c t i o n  A.
2 :4  Overview  and. Aims
As may be se e n  from  th e  p re c e d in g  s e c t i o n ,  a  l a r g e  v a r i e ty  
o f  s t a b i l i s i n g  m echanism s have been  a t t r i b u t e d  to  HALS, The 
in te r c o n v e r s io n  o f  th e  b a s ic  h in d e re d  am ine to  n i t r o x id e  
r a d i c a l s ,  hydroxy lam ine  e t h e r s ,  and h y d ro x y lam in es ,' v i a  th e  
d e s t r u c t i o n  o f  h y d ro p e ro x id e s , peroxy  r a d i c a l s ,  and a lk y l  
r a d i c a l s ,  i s  now th e  m echanism  w hich a p p e a rs  t o  be m ost fa v o u re d , 
b u t th e  low c o n c e n t r a t io n s  o f  th e s e  s p e c ie s ,  and th e  p ro b a b le  low 
r a t e s  o f  in te r c o n v e r s io n  may be a d raw back . In  m ost c a s e s ,  
e x p e rim e n ts  have been  c a r r i e d  o u t i n  f l u i d  s o lu t i o n ,  and th e  
a b i l i t y  o f  l a r g e  m o le c u le s  such  a s  m ac ro p e ro x id es  and HALS to
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e n c o u n te r  each o th e r  i n  a  r i g i d  polym er m a tr ix  i s  so m eth in g  w hich 
m ust be c o n s id e re d  o f  param ount im p o r ta n c e .
I n  t h i s  work we have  exam ined fo u r  a s p e c ts  o f  th e  e f f e c t  o f 
HALS on th e  p h o to -o x id a t io n  o f  h y d ro c a rb o n s .
a) ROOH -  HALS I n t e r a c t i o n  A lthough d i r e c t  d e s t r u c t i o n  o f  
h y d ro p e ro x id e  by HALS h as  been  deemed u n l ik e ly ,  th e  c r e a t i o n  o f  
NO., which e n a b le s  th e  r a d i c a l  t r a p p in g  c y c le  to  be s e t  up , has  
been  i n e x t r i c a b ly  l in k e d  w ith  th e  a b i l i t y  o f  HALS to  i n t e r a c t  
c lo s e ly  w ith  ROOH, and th u s  be on hand to  p re v e n t  th e  i n i t i a t i o n  
o f  th e  a u to x id a t io n  c y c le  by r a d i c a l s  p roduced  by ROOH 
p h o to d is s o c ia t io n .  W ithou t t h i s  a s s o c i a t i o n  i t  i s  d i f f i c u l t  to  
e x p la in  th e  p h o t o s t a b i l i s i n g  a b i l i t y  o f low c o n c e n t r a t io n s  o f  
HALS i n  te rm s  o f  a  r a d i c a l  t r a p p in g  m echanism .
The q u o te d  a s s o c i a t i o n  c o n s ta n t s  (K^) o f  th e s e  a s s o c i a t i o n s  
a r e  low , and i t  was d e c id e d  to  i n v e s t i g a t e  t h i s  r e a c t i o n  i n  o r d e r  
to  c o n firm  o r  r e f u t e  t h i s  s i t u a t i o n ,  and t o  th e n  c a l c u l a t e  th e  
p ro b a b le  l e v e l  o f  a s s o c i a t i o n  p r e s e n t  i n  a  p h o to -o x id is in g  
polym er sy stem .
b) E x c ite d  S t a t e  (Quenching The a b i l i t y  o f  HALS and t h e i r  
d e r i v a t i v e s ,  p a r t i c u l a r l y  th e  n i t r o x id e  r a d i c a l s ,  to  quench EES 
h a s  been  i n v e s t i g a t e d  by a few a u th o r s ,  b u t  r e s u l t s  te n d  to  be 
d i f f i c u l t  to  c o r r e l a t e  b e cau se  o f  th e  d i f f e r e n t  chrom ophores and 
m ea su rin g  m ethods u sed  t o  c a l c u l a t e  th e  e f f i c i e n c y  o f any 
q u en ch in g  r e a c t i o n .  I n  t h i s  i n v e s t i g a t i o n  we have  a tte m p te d  to  
overcom e t h i s  d i f f i c u l t y  by i n v e s t i g a t i n g  a few s p e c i f i c  sy s te m s  
t o  d e te rm in e  th e  a b i l i t y  o f  HALS and d e r i v a t i v e s  t o  i n t e r a c t  w ith
31 - ‘I
EES. I n v e s t ig a t io n s  in c lu d e d  b o th  s i n g l e t  and t r i p l e t  m a n ifo ld  f
p r o c e s s e s ,  and a co m p ariso n  o f  th e  a b i l i t y  o f  HALS a s  q u e n c h e rs
#  *o f  n -  Tf and TT -  TV e x c i te d  s t a t e s ,  bo th  o f  w hich m ig h t be 
p r e s e n t  i n  a  po lym er, d ep en d in g  on th e  p a r t i c u l a r  im p u r ity
in v o lv e d . Thus we hoped to  p roduce  a co m prehensive  su rv e y  o f  th e  
EES q u en ch in g  a b i l i t y  o f  HALS and t h e i r  d e r iv e d  n i t r o x id e  
r a d i c a l s .
c )  T r a n s i t io n  M etal. „ .Impuri t i e s  A lthough i t  h a s  been  shown 
t h a t  t r a n s i t i o n  m e ta l io n s  a r e  c a p a b le  o f  c a ta ly s in g  th e  
p h o to -o x id a t io n  o f  h y d ro c a rb o n s , and r o u t in e  t e s t s  on com m ercial 
po lym ers show th e  p re s e n c e  o f num erous t r a n s i t i o n  m e ta l s p e c ie s ,  
l i t t l e  o r  no work has  been  u n d e r ta k e n  to  i n v e s t i g a t e  th e  
p o s s i b i l i t y  o f  s t a b i l i s e r  s p e c ie s  a c t i n g  a s  s c a v e n g e rs  o f  th e s e  
h ig h ly  a c t i v e ,  m o b ile , s p e c ie s .  The f a c t  t h a t  am ine com plexes o f  
t r a n s i t i o n  m e ta ls  a r e  common w ould seem to  s u g g e s t  t h a t  HALS 
m ig h t be a b le  to  o p e ra te  by t h i s  m eans, th u s  d e s t r o y in g  th e  
h y d ro p e ro x id e  -  m e ta l io n  com plexes w hich have been  s u g g e s te d  a s  
p o w erfu l i n i t i a t o r s  o f  h y d ro ca rb o n  p h o to -o x id a t io n  [ 2 8 ] .
We th u s  c a r r i e d  o u t a  s e r i e s  o f  e x p e r im e n ts , u s in g  v a r io u s  
com m ercial HALS, and m odel compounds, to  d e te rm in e  th e  a b i l i t y  o f 
HALS to  o p e ra te  i n  t h i s  way.
d) D if f u s io n  P ro c e s s e s  I n  any p h o to - o x id is in g  polym er 
system  n o t ic e  m ust be ta k e n  o f  th e  a b i l i t y  o f  oxygen to  d i f f u s e  
i n t o  th e  system  and r e a c t  w ith  a lk y l  r a d i c a l  s p e c ie s  to  p ro p a g a te  
th e  a u to x id a t io n  c y c le .  By means o f  a  t h e o r e t i c a l  m odel, an 
a t te m p t  was made to  d e te rm in e  th e  im p o rta n c e  o f  t h i s  p ro c e s s  a s  a 
r a t e  d e te rm in in g  s t e p  i n  p o ly o le f in  p h o to -o x id a t io n .
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S im i la r ly ,  a  s t a b i l i s e r  i n  a  polym er w i l l  be a b le ,  to  a  
g r e a t e r  o r  l e s s e r  e x te n t ,  to  d i f f u s e  th ro u g h  a polym er m a tr ix .  
S t a b i l i s e r s  a r e  d e s ig n e d  t o  have  s u f f i c i e n t  m o le c u la r  w e ig h t to  
p re v e n t  t h e i r  rea d y  d i f f u s io n  to  th e  s u r f a c e  o f  a  po lym er and 
l o s s  by v o l a t i l i s a t i o n .
G re a t s t o r e  i s  s e t ,  by many a u th o r s ,  on th e  a b i l i t y  o f HALS 
to  o p e ra te  by a s s o c i a t i n g  w ith  o x id is in g  dom ains i n  a  po lym er. 
S in c e  th e  m a c ro h y d ro p e ro x id e s  a r e  a t ta c h e d  to  th e  polym er 
backbone, t h e i r  m o b il i ty  i s  s t r i c t l y  l im i t e d ,  and i t  w ould a p p e a r  
t h a t  HALS w ould have  to  move a b o u t i n  th e  m a tr ix  to  e n c o u n te r  
such  s i t e s .  The h ig h  M.W. and , in  some c a s e s ,  p o ly m e ric  n a tu r e  
o f  com m ercial HALS make t h i s  an a s p e c t  o f  th e  s t a b i l i s e r s  
b e h a v io u r  w hich r e q u i r e s  c l o s e r  e x a m in a tio n . W hile n o t in g  t h a t  
some o f  t h i s  movement may ta k e  p la c e  i n  th e  m e lt  p h a se , d u r in g  
p r o c e s s in g ,  even  t h i s  would be a  h ig h ly  v is c o u s  medium, and th e  
ty p e  o f H -  bonded a s s o c i a t i o n  th o u g h t to  form  may i t s e l f  be 
d i s r u p te d  a t  e le v a te d  te m p e ra tu re s .
I n  o r d e r  to  a s s e s s  th e  co n seq u en ces  o f  t h i s  p rob lem , a  s h o r t  
l i t e r a t u r e  su rv e y  o f  th e  p ro c e s s e s  in v o lv e d  i n  s t a b i l i s e r  
d i f f u s i o n  was u n d e r ta k e n .
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3 . SYNTHESIS
^ :1  O r ig in  and C h a r a c t e r i s a t i o n  o f  H indered—Amine_a
a) Model Compounds The model compounds u sed  d u r in g  t h i s  
i n v e s t i g a t i o n  w ere  -  2 ,2 ,6 ,6  -  T etram eth y I p i p e r i d in e ,  4 -  Amino -  
2 ,2 ,6 ,6  -  t e t r a m e th y lp ip e r id in e ,  and 2 ,2 ,6 ,6
T e t ra m e th y lp ip e r id in e  -  N -  o x y l f r e e  r a d i c a l .  A ll w ere  o b ta in e d  
from  A ld r ic h  Chem ical Company L t d . , and w ere u sed  a s  s u p p l ie d .
b) Com m ercial HALS A ll th e  HALS u sed  i n  t h i s  s tu d y  w ere 
m a n u fa c tu red  by C iba -  G iegy L td . .  Sam ples w ere  s u p p l ie d  by Dr. 
T .J .  Henman, and by th e  m a n u fa c tu re r s .  S t r u c t u r e s  o f  some o f 
th o se  u sed  a r e  shown i n  F ig u re  2 .1 .
A n a ly ses  o f  sam p les , and r e l e v a n t  d a ta ,  a r e  g iv e n  below
I . Tin uvin  77.0. CggHggO^Ng
T h e o r e t ic a l  (55) A c tu a l($ )
C 69 .9 6  6 9 .8 9
H 10 .90  11 .37
0 13.31 13 .02
N 5 .8 3  5 .7 2
U V /V isib le  a b s o r p t io n  s p e c t r o s c o p ic  a n a ly s i s  o f  t h e ' s t a b i l i s e r  
showed no a p p r e c ia b le  a b so rb a n c e  above 250nm (10~^M i n  CH^Cl^; 
1cm c e l l . ) .  The m a te r i a l  i s  a  w h ite  pow der, r e a d i ly  s o lu b le  i n  
m ost o rg a n ic  s o lv e n t s .  T770 i s  co m m erc ia lly  p ro d u ced  B i s ( 2 ,2 ,6 ,6  
-  t e t r a m e th y lp ip e r id in e )  s e b a c a te .
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I I ,  T in u v in  292 ' •
T h e o r e t ic a l  (55) A ctual(% )
C 70 .82  70 .80
H 11 .0 9  10.93
0 12.58 12.72
N 5 .51  5 .4 9
U V /V is ib le  a b s o r p t io n  s p e c t r o s c o p ic  a n a ly s i s  o f  th e  s t a b i l i s e r  
showed no a p p r e c ia b le  a b s o r p t io n  above 250nm (1 0 ” ^M i n  CH^Cl^; 
lorn c e l l . ) .  T h is  m a te r i a l  i s  a  y e llo w is h  l i q u i d ,  s o lu b le  i n  m ost 
o rg a n ic  s o lv e n t s ;  i t  i s  B i s ( 1 ,2 ,2 ,6 ,6  -  p e n ta m e th y lp ip e r id in e )  
s e b a c a te ,  and can  t h e r e f o r e  be re g a rd e d  a s  a  t e r t i a r y  an a lo g u e  o f 
T in u v in  770.
I I I .  Tl nuYln-..e.22 (C^gHggO^N)^
T h e o r e t ic a l ( ^ )  A c tu a K ? )
C 6 3 .5 8  63 .5 3
H 8 .8 9  9 .0 5
0 2 2 .5 9  2 2 .5 2
N 4 .9 4  4 .9 0
U V /V is ib le  a b s o r p t io n  a n a ly s i s  o f  t h i s  s t a b i l i s e r  showed no 
a p p r e c ia b le  a b s o r p t io n  above 250nm (10""^M i n  CH^Cl^; 1cm c e l l . ) .  
T h is  p a r t i c u l a r  m a te r i a l  i s  a  g r a n u la r  w h ite  s o l i d ;  due to  i t s  
t e r t i a r y ,  p o ly m e ric , n a tu r e  i t  i s  s lo w ly  s o lu b le  i n 'c h l o r i n a t e d  
h y d ro c a rb o n s , b u t s p a r in g ly  s o lu b le  i n  h y d ro c a rb o n s  and 
a lc o h o ls .
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IV. Chim.as.s.Qr.b-..9.Mi ^^ 35^ 66^ 8^ 11
T h e o r e t io a l ( ^ )  A c tu a l($ )
c 70 .19  69 .9 4
H 11.11 11 .1 8
N 18.71 18 .88
U V /V is ib le  a b s o r p t io n  s p e c t r o s c o p ic  a n a ly s i s  o f  t h i s  s t a b i l i s e r  
showed t h e r e  to  be , u n l ik e  th e  o th e r s ,  a  s u b s t a n t i a l  a b so rb a n c e  
a t  250nm, t a i l i n g  o f f  to  a  n e g l i g i b l e  l e v e l  a t  c.270nm . T h is  i s  
m ost l i k e l y  due to  th e  q u a s i  -  a ro m a tic  t r i a z i n e  r in g  i n  th e  
backbone o f  th e  po lym er. The m a te r i a l  i s  an  o f f  -  w h ite  pow der, 
s o lu b le  i n  m ost o rg a n ic  s o lv e n t s .
The e f f e c t  o f  th e  in c r e a s e d  a b so rb a n c e  o f C944 i s  
g r a p h ic a l ly  i l l u s t r a t e d  when sam ples o f  p o ly (p ro p y le n e )  
s t a b i l i s e d  by th e  v a r io u s  HALS a r e  s u b je c te d  t o  u n f i l t e r e d  l i g h t  
from  a  medium p r e s s u r e  Hg lam p. I t  was found  t h a t  C944 o f f e r e d  
no p r o t e c t i o n  a g a in s t  p h o to -o x id a t io n  u n d e r such  a c t i n i c  l i g h t ;  
i n  f a c t  i t  a p p e a re d  to  a c t  a s  a  s e n s i t i s e r  a t  l a t e r  s ta g e s  o f  th e  
r e a c t i o n .  A ll o th e r  HALS s u b s t a n t i a l l y  in c r e a s e d  th e  l i f e t i m e  o f  
p o ly (p ro p y le n e )  u n d e r th e s e  c ir c u m s ta n c e s .
_3i2 S y n th e s is  o f  HALS and N i t ro x id e s
a ) 4__-. M eth ac ry lo y lam in o  -  2 .2 .6 .6  -  t e t r a m e th v lp ip e r id in e  
I t  was d e c id e d  to  s y n th e s i s e  t h i s  p a r t i c u l a r  h in d e re d  am ine a s  i t  
o f f e r e d  p o s s i b i l i t i e s  f o r  hom o-, and c o -p o ly m e r is a t io n  to  p ro v id e  
a l t e r n a t i v e ,  b e t t e r  c h a r a c te r i s e d ,  p o ly m e ric  HALS. The m ethod 
u se d  was b ased  on t h a t  o f K u ro sak i e t  a i  [9 3 3 .
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To a m ix tu re  o f lOg 4 -  amino -  2 ,2 ,6 ,6
t e t r a m e th y lp ip e r id in e  and 8g t r i e th y la m in e  i n  170ml d ry  b enzene ,
was added 7.1 g o f  m e th a c ry lo y l c h lo r id e ,  w ith  s t i r r i n g ,  under
c o o lin g  i n  a  w a te r  i c e  b a th  to  5 -  10°C, The r e a c t i o n  was
a llo w e d  to  r e a c h  RT o v e r a  p e r io d  o f  ap p ro x . I h r ,  and th e n  l e f t  
a t  RT f o r  2 0 h r s .  The p r e c i p i t a t e  o f  a  com plex o f  p ro d u c t w ith  
t r i e th y la m in e  h y d ro c h lo r id e  was f i l t e r e d  o u t o f th e  r e a c t i o n  
m ix tu re , and d i s s o lv e d  i n  a  s a tu r a t e d  aqueous s o l u t i o n  o f  K^CO^. 
The r e s u l t i n g  s o lu t i o n  was e x t r a c t e d  w ith  500ml CHCl^, and t h i s  
s o lv e n t  rem oved g e n t ly  u n d e r vacuum. The c ru d e  p ro d u c t was 
r e c r y s t a l l i s e d  tw ic e  from  c y c lo h e x a n e , g iv in g  a w h ite , 
s e m i - c r y s t a l l i n e ,  p ro d u c t .  M .p. = 123 -  125^0 ( l i t e r a t u r e  v a lu e  
Z  126°C ); Y ie ld  = 70%.
I n  o rd e r  to  a s s e s s  th e  d i f f e r e n c e s  i n  b e h a v io u r  be tw een  a
monomer and i t s  r e s p e c t i v e  po lym er, i t  was d e c id e d  to  p o lm e r is e  a
sam ple o f  t h i s  m a t e r i a l .  A s o l u t i o n  o f  I.O g  o f  monomer and 2mg
a z o b i s i s o b u t y r o n i t r i l e  (AIBN) i n  5ml benzene was p la c e d  i n  a  20ml
am poule f i t t e d  w ith  a  t a p ,  and th e  m ix tu re  d e g a sse d  by m eans o f  a
s e r i e s  o f  f re e z e /p u m p / thaw  c y c le s  on a  vacuum l i n e .  The sam ple
owas th e n  p o ly m e rise d  by h e a t in g  i n  a  w a te r  b a th  a t  70 C f o r  
2 4 h rs . The p o ly m e ric  p ro d u c t  was p r e c i p i t a t e d  by a d d i t io n  o f  th e  
r e a c t i o n  m ix tu re  to  e t h e r ,  and p u r i f i e d  by r e p e t i t i o n  o f  t h i s  
p ro c e e d u re . The f i n a l  p ro d u c t  was d r ie d  i n  a  vacuum oven a t  RT 
f o r  5 d a y s .
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b) N it ro x id e  R a d ic a ls  V a rio u s  m ethods f o r  th e  c o n v e rs io n  o f  
seco n d a ry  am ines to  n i t r o x id e  r a d i c a l s  have been  p ro p o se d , b u t 
th e  m ost s u c c e s s f u l  to  d a te  was f i r s t  p u t fo rw ard  by 
C h a p e le t-L e to u rn e u x  e t  a l  [ 9 4 ] .  T h is  in v o lv e s  o x id a t io n  o f  th e  
amine by two e q u iv a le n t s  o f  a  p e r a c id ,  th e  r e a c t i o n  p ro d u c in g  
f i r s t  a  h y d ro x y lam in e , and th e n  th e  n i t r o x id e  r a d i c a l .  Keana e t  
a l  [953 u sed  t h i s  m ethod f o r  th e  s y n th e s i s  o f  s p in  l a b e l s ,  w h ile  
l a t e r  Toda e t  a l  [ 9 6 ] ,  and Rauchman e t  a l  [ 9 7 ] ,  r e f in e d  th e  
m ethod to  g iv e  h ig h  y i e l d s  o f  th e  r a d i c a l ,  u s in g  
ra -c h lo ro p e rb e n z o ic  a c id  a s  th e  o x id a n t .  We have used  th e  m ethods 
o f  b o th  Toda and Rauchman, w hich d i f f e r  on ly  i n  d e t a i l ,  m o d if ie d  
to  a c co u n t f o r  th e  m u l t i f u n c t i o n a l i t y  o f th e  HALS under 
c o n s id e r a t io n .  The m -c h lo ro p e rb e n z o ic  a c id  (mCPBA) u sed  was 85% 
p u re  and was s u p p l ie d  by A ld r ic h .
A s o lu t i o n  o f  lO” ^ m oles T in u v in  770 i n  50ml CH^Cl^ was 
s t i r r e d  f o r  15 m in u te s  i n  an  i c e  w a te r  b a th .  A s o lu t i o n  o f  4 % 
10"^ m oles mCPBA i n  50ml CHgCl^ was added d ropw ise  o v e r  a  p e r io d  
o f  30m in w ith  v ig o  ro u s  s t i r r i n g ,  th e  r e s u l t a n t  s o lu t i o n  b e in g  
removed from  th e  b a th  and a llo w e d  to  s ta n d  a t  RT f o r  6 h r s .  The 
re d  s o lu t i o n  was w ashed th r e e  tim es  w ith  5% Na^CO^ s o lu t i o n  to  
remove a c id  p ro d u c t ,  and d r ie d  over MgSO  ^ o v e rn ig h t .  The 
s o lu t io n  was f i l t e r e d  i n t o  a  B uchi f l a s k  and th e  s o lv e n t  rem oved 
under vacuum. The c ru d e  p ro d u c t was r e c r y s t a l l i s e d  tw ic e  from  
m e th an o l. Y ie ld  80% M .p.98 -  100° C ( L i t .  101* C ) .
M ic ro a n a ly s is  C a lc u la te d  -  C 65 .85 , H 9 .87 , 0 1 8 .8 0 ,
N 5.49, A c tu a l -  C 6 5 .9 9 , H 9 .87 , 0 1 8 .7 0 , N 5.44.
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The n i t r o x id e  o f  C him assorb  944 was p re p a re d  i n  a  s im i la r  
m anner. Y ie ld  c.50% M .p. -  Sam ple commenced m e l tin g  a t  151°C, 
d e c o m p o s itio n  o cco u red  by 200°C . M ic ro a n a ly s is  C a lc u la te d  -  
C 66 .84 , H 10.26, 0 5 .0 9 , N 17.82, A c tu a l -  0 5 5 .9 0 , H 10.31, 0 5 .9 3 ,
N 17.86 . The h ig h  oxygen c o n te n t  may be due to  o x id a t io n  o f  th e  
u n h in d e re d  seco n d a ry  amine group  i n  some o f th e  monomer u n i t s  o f  
th e  s t a b i l i s e r .
I n  th e  c a se  o f  T in u v in  622 , a  t e r t i a r y  am ine, r e a c t i o n  w ith  
a  p e ra c id  w ould be e x p e c te d  to  p roduce  an  am ine o x id e . C a rry in g  
o u t th e  above p ro c e e d u re  gave a y e llo w is h  t a r - l i k e  s u b s ta n c e .  
Even u s in g  th e  im proved t e r t i a r y  amine N -  o x id e  p ro c e e d u re  o f  
C ra ig  and Purushothm an [98 ] o n ly  a t a r r y ,  h y g ro sc o p ic , p ro d u c t 
c o u ld  be o b ta in e d . A ttem p ts  t o  i s o l a t e  an  am ine N -  o x id e  w ere  
th e n  abandoned . No s y n th e t i c  pathw ay c o u ld  be found  a t  t h i s  
s ta g e  f o r  th e  d i r e c t  c o n v e rs io n  o f  a  t e r t i a r y  amine to  a  
n i t r o x id e  r a d i c a l .
S im i la r ly  no a tte m p t was made to  o x id is e  th e  o th e r  t e r t i a r y  
am ine, T in u v in  292 .
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4 . EXPERIMENTAL AND RESULTS 
4 :1  I n t e r a c t i o n  o f  _HAI,S w ith  E x c ite d . S ta te .  3 pe.cl_e_s_._
A_:_1:_1_ S i n g le t  S ta te ., Inter_ac_tlo j is  
a l PolynuGl%r, Armatios , -
P o ly n u c le a r  a ro m a tic  compounds (PNA), such  a s  a n th ra c e n e  and 
t e t r a c e n e ,  a r e  r e a d i ly  o x id is e d  u n d e r p h o to - o x id is in g  c o n d i t io n s  
[9 9 ,1 0 0 ,1 0 1 ]  t o  p roduce  t r a n s a n n u la r  p e ro x id e s ,  w hich i n  t u r n  
r e a c t  t o  p roduce  a  v a r i e t y  o f  q u in o id  ty p e  compounds and r a d i c a l  
breakdow n s p e c ie s .  Under i n e r t  c o n d i t io n s ,  o r i n  c a s e s  o f  s e v e re  
oxygen d e p le t io n ,  th e s e  compounds form  d im ers  [102] w ith  
e f f e c t i v e  b reakup  o f  c o n ju g a t io n  and hence  re d u c e d  a b s o r p t io n  i n  
th e  v i s i b l e  r e g io n  o f  th e  sp e c tru m . I t  was th o u g h t t h a t  HALS 
d e r i v a t i v e s ,  p a r t i c u l a r l y  th e  s t a b l e  n i t r o x id e  r a d i c a l s ,  m ig h t i n  
some way a f f e c t  t h i s  p r o c e s s ,  e i t h e r  by sc a v e n g in g  o f  a lk y l  
r a d i c a l s ,  o r by q u en ch in g  o f  s i n g l e t  oxygen, s u s p e c te d  to  be 
r e s p o n s ib le  f o r  th e  o x id a t io n ,  a s  s u g g e s te d  by B e l lu s  e t  a l  
[ 6 7 J .  E x p e rim en ts  w ere  c a r r i e d  o u t bo th  i n  f l u i d  s o lu t i o n  and i n  
polym er m a tr ix ,  to  i n v e s t i g a t e  th e  e f f e c t  o f n i t r o x id e  r a d i c a l s  
d e r iv e d  from  HALS on th e  o x id a t io n  o f  PNA compounds.
1) T e tra c e n e  i n  F lu id  S o lu t io n  T e tra c e n e  was p u r i f i e d  by 
tw ic e  r e c r y s t a l l i s i n g  from  e th a n o l ,  and d ry in g  i n  a ‘vacuum oven 
a t  30 * C f o r  3 d a y s . The n i t r o x id e s  u se d  w ere  p re p a re d  a s  
d e s c r ib e d  i n  C h a p te r  3 . M ethy lene  c h lo r id e  was d r ie d  o v e r 
c a lc iu m  c h lo r id e  and d i s t i l l e d  im m ed ia te ly  p r i o r  t o  u s e .
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T e tra c e n e  s o lu t i o n s  fa d e  r a p id ly  i n  th e  p re s e n c e  o f l i g h t
and Og and g r e a t  c a r e  had to  be ta k e n  to  p re v e n t  d e t e r i o r a t i o n  o f
e x p e r im e n ta l  s o lu t i o n s  p r i o r  to  u s e . T h is  was a c h ie v e d  u s in g  
n i t r o g e n  f lu s h e d  s o lv e n t s ,  and e x c lu d in g  l i g h t  d u r in g  sam ple 
p r e p a r a t io n .  E quim olar am ounts o f  t e t r a c e n e  and each  o f  th e  
r a d i c a l s  (10” mol dm” ) w ere u s e d , and sa m p les  exposed  to
d i f f u s e  s u n l i g h t  i n  th e  l a b o r a to r y .  D isa p p e a ra n c e  o f  th e  
c h a r a c t e r i s t i c  a b so rb a n c e  bands due to  t e t r a c e n e  was fo llo w e d  
u s in g  a Unicam SP800 U V /V is ib le  S p e c tro p h o to m e te r , and any 
e f f e c t s  on th e  e m is s io n  s p e c t r o s c o p ic  c h a r a c t e r i s t i c s  o f  th e  
s o lu t io n s  w ere  fo llo w e d  u s in g  a P e rk in  -  Elm er MPF -  2 A
S p e c t r o f lu o r im e te r .
On e x p o s in g  th e  sam ple s o lu t i o n s  to  l i g h t ,  they  r a p id ly  
fa d e d . A f te r  o n ly  2 h r s ,  th e  low  energy  a b s o r p t io n s  o f  t e t r a c e n e  
betw een  350 and 500nm had a lm o s t e n t i r e l y  d is a p p e a re d . However, 
a b s o r p t io n  s p e c t r a  showed t h a t  th e  p re s e n c e  o f  th e  r a d i c a l  
a d d i t iv e s  was i n h i b i t i n g  th e  r e a c t i o n  (F ig u re  4 .1 ) ;  th e  
e f f i c i e n c y  o f t h i s  i n h i b i t i o n  can  i n  f a c t  be s e e n  to  p ro ceed  i n  
th e  o rd e r  TEMPO T770NO. C944NO., w ith  th e  l a s t  b e in g
c o n s is e r a b ly  more e f f i c i e n t  th a n  th e  o th e r  two. E m issio n  
sp e c tro sc o p y  shows t h i s  up even  m ore g r a p h i c a l l y ;  g o in g  from  th e  
s ta n d a rd  sam ple  th ro u g h  TEMPO, T770N 0., and C944NO. ‘th e  s p e c t r a  
show an i n c r e a s in g  ten d en cy  to  r e t a i n  th e  c h a r a c t e r i s t i c  f e a t u r e s  
o f  th e  t e t r a c e n e  f lu o r e s c e n c e  [103] u n d e r  p h o to -o x id is in g *  
c o n d i t io n s .
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F i g u r e  4 » !
Disappearance of Tetraceue under photo-oxidation 
conditions in methylene chloride sa.::ples contain
‘104B -ing nitroxide radical
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In  o rd e r  to  c o n firm  t h a t  t h i s  i s  a  g e n u in e  e f f e c t  o f HALS 
n i t r o x id e s  on th e  p h o to -o x id a t io n  o f  PNA, th e  e x p e r im e n ts  w ere 
r e p e a te d  u s in g  p h e n a n th re n e , w hich i s  non -  o x id i s a b le  under our 
e x p e r im e n ta l  c o n d i t io n s .  No change was n o te d  i n  th e  a b s o r p t io n  
o r  e m iss io n  s p e c t r a  o f  any o f  th e  s a m p le s ,e v e n  a f t e r  4 0 h rs  
e x p o su re  to  l i g h t .
The a b s o rp t io n  and e m is s io n  c h a r a c t e r i s t i c s  o f  CHgClg 
s o lu t io n s  o f  t e t r a c e n e  w ith  th e  p a re n t  HALS w ere  i n v e s t i g a t e d .  
No m arked d i f f e r e n c e s  w ere  n o te d  betw een  th e  sam p les  i n  th e  r a t e s  
o f  peak d is a p p e a ra n c e .  T h is  seem s to  s u g g e s t  t h a t  th e  r e a c t i o n  
i s  e x c lu s iv e  to  th e  r a d i c a l  s p e c ie s .
2 ) A n th rac e n e  i n  P o ly (m e th y lm e th a c ry la te )  M a tr ix  PMMA was a 
com m ercial sam ple (RAPRA) and was p u r i f i e d  by two c y c le s  o f  
d i s s o l u t i o n  and p r e c i p i t a t i o n .  P ro d u c t was d r ie d  i n  a  vacuum 
oven a t  30°C f o r  2 d a y s , and s to r e d  i n  th e  d a rk . A n th racene  was 
A ld r ic h  "Gold L a b e l"  m a te r i a l  (99-99+$ p u r e ) ,  and was u sed  a s  
s u p p l ie d .  CHgClg was p u r i f i e d  by d ry in g  w ith  CaCl^ and 
f r a c t i o n a l l y  d i s t i l l i n g .  TEMPO (A ld r ic h )  was u sed  a s  s u p p l ie d .  
T770NO., and C944N 0., w ere  p re p a re d  a s  shown i n  C h a p te r  3-
- 2  -QA ID  mol dm s o lu t i o n  o f  PMMA was made up i n  CH^Cl^i and 
10~^ M a n th ra c e n e  ( w . r . t .  PMMA) added . S o lv e n t was d eo x y g en ated  
by p u rg in g  w ith  oxygen -  f r e e  n i t r o g e n  f o r  5 m in ., and t h i s  m a s te r  
b a tc h  s to r e d  i n  th e  d a rk .  5ml v o lu m e tr ic  f l a s k s  w ere  c h a rg ed  
w ith  10~^M ( w . r . t .  PMMA) o f  th e  n e c e s s a ry  r a d i c a l ,  and made up 
t o  volum e w ith  th e  m a s te r  s o lu t i o n .  F ilm s w ere  c a s t  o n to  25mm 
q u a r tz  d is k s  t o  a  th ic k n e s s  o f  0 .0 5 5  + 0.002mm, removed from  th e
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F i g u r e  4 , 2
Diagram of apparatus for photolysis of polymer 
films.
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F i g u r e  4» 5
Disappearance of Anthracene under photo-oxidation conditions in PtlMA matrix c o n t a i n i n g  nitroxide radicals - Air atmosphere.
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F i g u r e  4 . 4
Disappearance o f  Anthracene under -photo-oxidation
conditions in PMMA matrix containing 
nitro-ide radicals Oxygen atmosphere
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d is k s  a f t e r  I h r ,  and d r ie d  i n  a  vacuum oven a t  RT f o r  2 d a y s .
F ilm s w ere s to r e d  i n  th e  d a rk  u n t i l  r e q u i r e d .
I t  i s  n o t p o s s ib l e ,  u n f o r tu n a te ly  , to  d i f f e r e n t i a t e  be tw een  
p ro d u c t due to  o x id a t io n  and t h a t  due to  d im é r i s a t io n ,  t h e r e f o r e  
any e f f e c t  found  on a d d i t io n  o f  n i t r o x id e s  w i l l  n o t n e c e s s a r i ly  
be due to  s i n g l e t  oxygen q u e n c h in g , b u t t h i s  i s  th e  m ost l i k e l y  
e f f e c t  s in c e  r a d i c a l  fo rm a tio n  a t  th e  9 and 10 p o s i t i o n s  o f  
a n th ra c e n e  does n o t  a p p e a r  t o  happen  [1 0 0 ] .
b) ,N,ap.h,thaI.sn.e ,s..tern.r_VQliaer.....,Ki .n^ .ti-Q.s..«.-
The a p p a ra tu s  u sed  f o r  th e  p h o to -o x id a t io n  o f  th e s e  sam p les  f
i s  shown i n  F ig u re  4 .2 .  T h is  s e t - u p  a llo w s  th e  s im u lta n e o u s  
i r r a d i a t i o n  o f  a  s ta n d a rd  sam ple  p lu s  t h r e e  t e s t  sa m p le s . The 
slow  r o t a t i o n  o f  th e  s ta g e  ev en s  o u t  any d i s c r e p a n c ie s  i n  th e  
t r a n s m i t ta n c e  o f th e  f i l t e r .  Two s e r i e s  o f  e x p e rim e n ts  w ere 
c a r r i e d  o u t i n  t h i s  a p p a ra tu s ;  one u s in g  a i r ,  and th e  o th e r  u s in g  4
a  p u re  oxygen a tm o sp h e re .
The d is a p p e a ra n c e  o f  th e  c h a r a c t e r i s t i c  a n th ra c e n e  
a b s o r p t io n  was u sed  a s  a  m easu re  o f  th e  e x te n t  o f  th e  r e a c t i o n .
The p a r t i c u l a r  peak u se d  was th e  377»5nm a b s o r p t io n ,  t h i s  b e in g  
f u r t h e s t  away from  any p o s s ib l e  i n te r f e r e n c e  due to  a d d i t i v e  o r 
p ro d u c t  a b s o rb a n c e s , and n e a r e s t  to  th e  0 - 0  e l e c t r o n i c  
t r a n s i t i o n .  The d a ta  was p l o t t e d  a s  shown i n  F ig u re s  4 .3  and 
4 .4 .
I
A lip h a t ic  am ines w i l l ,  a lm o s t i n v a r i a b l y ,  have e x c i te d  s t a t e  
l e v e l s  o f  much h ig h e r  e n e r g ie s  th a n  th o se  a s s o c ia te d  w ith  PNA 
compounds, and so  w ould n o t be e x p e c te d  to  quench PNA 
f lu o r e s c e n c e  by lo n g  ran g e  t r a n s f e r .  C lose  e n c o u n te r  energy  
t r a n s f e r  h a s  been  p ro p o sed  t o  occ  u r betw een  am ines and e x c i t e d  
m o le c u le s  th ro u g h  fo rm a tio n  o f  an  e x c i t e d  ch a rg e  t r a n s f e r  (CT) 
com plex, o r e x c ip le x  [1 0 4 ] . T e r t i a r y  am ines [105] have been  
shown to  be m o d e ra te ly  e f f i c i e n t  EES q u e n c h e rs , w h ile  more r e c e n t  
work h a s  s u g g e s te d  t h a t  th e s e  com plexes a r e  h ig h ly  i o n ic  i n  
c h a r a c te r  [1 0 6 ] , and t h a t  th e  i n t e r a c t i o n  can  be h ig h ly  com plex, 
in v o lv in g  t r i p l e t  s p e c ie s  i n  some c a s e s  [1 0 7 ] .
The a b i l i t y  o f  a  com prehensive  s e r i e s  o f  am ines to  quench 
th e  s i n g l e t  EES o f  n a p h th a le n e  was i n v e s t ig a t e d  u s in g  S te rn  -  
Volmer k i n e t i c s .  T h is  te c h n iq u e  may be d e s c r ib e d  a s  fo llo w s
*C o n s id e r  q u e n c h in g  o f th e  e m iss io n  o f  an e x c i t e d  m o lecu le  D
by th e  a d d i t io n  o f  a  second  m o le c u le  A. Assume th e  fo llo w in g
#m echanism  f o r  f o rm a tio n  and d isa p p e a ra n c e  o f D -
A b so rp tio n  D + h u  — ^ D l a
*  #E m iss io n  D ------- ^ D + hu' k^ [D ]
#  *  *Q uenching D + A -^ A  + D kg [D ][A ]
D e a c t iv a t io n  D —> D + h e a t  k^ [D ]
Under c o n d i t io n s  o f  s te a d y  i l l u m in a t io n ,  and no i r r e v e r s i b l e  
p h o to ch em ica l r e a c t i o n s ,  we have  
d [D * ]^d t = l a  -  (k^ + kg[A ] + k^) [D ]
The quantum  y i e l d  f o r  D* e m is s io n  i n  t h i s  ca se  i s
"  k^/k^+k2+kg[A ]
.  : ' -L
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TABLE U.A
T ab le  o f  r e s u l t s  o f  S te r n  -  Volmer k i n e t i c  i n v e s t i g a t i o n  o f  
th e  i n t e r a c t i o n  o f  am ines w ith  n a p h th a le n e .
Compound k^ s~^ 10* )^
DABCO 505
C him assorb  944 422
4 -M e th a c ry lo y l-2 ,2 ,6 ,6  TMP 239
1 .2 .2 .6 .6 -P M P  158
T r ie th y lam ine  46
T e tra m e th y le th a n e d ia m in e  42
D i-n -b u ty la m in e  28
2 .2 .6 .6 -T N P  26
P ip e r id in e  23
P o ly ( 4-M A -2,2,6,6-TM P) 23
P y r r o l id in e  22
M orpholine  20
4 - A m ino-2,2 ,6 ,6 -TMP 15
T in u v in  770 15
N-Methy1m o rp h o lin e  9
C yclohexy lam ine  7
Hexamine neg.
T in u v in  622 neg.
D iv id in g  th e  above i n t o  th e  quantum  y i e l d  e x p re s s io n  f o r  D 
a lo n e  we o b ta in  th e  S te r n  ~ Volmer r e l a t i o n s h i p
= 1 + k g T  [A] , ' t   ^ m easured l i f e t i m e  
I f  we now p lo t  v s  [A] we o b ta in  a  s t r a i g h t  l i n e  w ith  a
s lo p e  o f  kg'Z^. S in c e  'Y  c an  be o b ta in e d , th e  b im o le c u la r  
qu en ch in g  c o n s ta n t  f o r  d e a c t iv a t io n  o f  a  p a r t i c u l a r  EES by a 
p a r t i c u l a r  amine can  be d e r iv e d .
The e x p e r im e n ta l  k^ v a lu e s  o f  th e  v a r io u s  am ines w ere  
o b ta in e d  i n  th e  fo l lo w in g  m anner. S o lu t io n s  o f  f ix e d
c o n c e n t r a t io n  o f n a p h th a le n e  (10“^ mol dm"^) and v a ry in g
c o n c e n t r a t io n s  o f  am ine (5*10” ^ mol dm~^ -  5*10~^ mol dm in
CHgClg w ere  s u b je c te d  t o  e m is s io n  s p e c t r o s c o p ic  a n a ly s i s  i n  a
P e rk in  -  Elm er MPF-2A S p e c t r o f lu o r im e te r .  S in ce  th e  i n t e n s i t y  o f 
f lu o r e s c e n c e  o f a  sam ple  i s  p r o p o r t io n a l  to  i t s  quantum  y i e l d ,  
th e  r a t i o  o f i n i t i a l  i n t e n s i t y  to  i n t e n s i t y  a t  each  a d d i t iv e
c o n c e n t r a t io n  was p l o t t e d  a g a in s t  [A] to  o b ta in  a  s t r a i g h t  l i n e
o f  s lo p e  k ^  U sing  a  l i n e a r  r e g r e s s io n  programme th e  v a lu e s  o f  
w ere o b ta in e d . Taking th e  v a lu e  o f T  f o r  n a p h th a le n e  to  be
-710 s ,  th e  v a lu e s  f o r  kg f o r  each  o f th e  am ines was o b ta in e d .
These v a lu e s  a r e  shown i n  T ab le  4 A.
H e l le r  and B la ttm a n  [31] have su g g e s te d  t h a t ,  f o r  a  g iv e n  
s e n s i t i s e r  i n  a  g iv e n  s o lv e n t ,  th e  q u en ch in g  r a t e  c o n s ta n t  o f  an 
amine w ould  be p r o p o r t io n a l  to  i t s  i o n i z a t i o n  p o t e n t i a l  ( I P ) .  
They found t h a t  t h i s  h e ld  f o r  n o n -h in d e re d  and t e r t i a r y  h in d e re d  
am ines b u t t h a t  se co n d a ry  h in d e re d  am ines d id  n o t s h a re  th e  same 
r e l a t i o n s h i p  and w ere  much w eaker q u e n c h e rs  th a n  w ould be 
e x p e c te d  from  t h e i r  I P ' s .  The a u th o r s  vague s u g g e s t io n  t h a t  t h i s
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FigTjre 4*5
Relationship of charge transfer energy to ionisationpotential of aoines - Extrapolation of data of Yoda et al [l09j .
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i s  due to  s t e r i c  e f f e c t s  i s  n o t v e ry  s a t i s f a c t o r y  i n  view  of th e  
r e s u l t s  f o r  t e r t i a r y  h in d e re d  am in es , and we d e c id e d  to  t r e a t  our 
kq d a ta  i n  a  s im i la r  m anner to  a s c e r t a i n  w hat r e l a t i o n s h i p  h e ld  
be tw een  th e  q u e n ch in g  e f f i c i e n c y  and IP  o f  an am ine . Yoda e t  a l  
[109 ] have shown t h e r e  to  be a d i r e c t  r e l a t i o n s h i p  betw een  th e  
en e rg y  o f  CT bands e x h ib i te d  by amine com plexes, and th e  IP  o f  
th e s e  am in es . U sing I o d in e  a s  an  e l e c t r o n  a c c e p to r ,  th e  
w a v e le n g th s  o f  amine -  I^  CT bands w ere  o b ta in e d  u s in g  a P e rk in  -  
Elmer SP8-100 S p e c tro p h o to m e te r , and th e  band e n e rg ie s  
c a l c u la t e d .  V alues o f  th e  I P 's  w ere o b ta in e d  by c o r r e l a t i n g  
th e s e  CT en erg y  v a lu e s  to  an  e x t r a p o la te d  p l o t  o r  v s  IP
o b ta in e d  from  th e  d a ta  o f  Yoda e t  a l  [1 0 9 ] .  (F ig u r e  4 .5 )
P l o t t i n g  kq v s  IP  f o r  th e  s e r i e s  o f  am ines u se d , we o b ta in e d  
th e  r e s u l t  shown i n  F ig u re  4 .6 .
S im i la r  i n v e s t i g a t i o n s  to  th e  above w ere a tte m p te d  f o r  th e  
n i t r o x id e  r a d i c a l s ,  b u t t h i s  was n o t  found to  be p o s s ib le  f o r  two 
r e a s o n s  1) The h ig h ly  c o lo u re d  r a d i c a l s  i n t e r f e r e  w ith  e m is s io n  
s p e c tro s c o p y  and hence  th e  kq v a lu e s  o b ta in e d  a r e  u n r e l i a b l e ,  and 
2) n i t r o x id e s  do n o t form  CT com plexes w ith  io d in e .
o) D is c u s s io n
Our r e s u l t s  show th e r e  to  be a s m a ll,  b u t n o n - n e g l ig ib le ,  
e f f e c t  o f n i t r o x id e s  on th e  o x id a t io n  o f  PNA compounds. S in ce  
n i t r o x id e  r a d i c a l s  have b een  shown to  be q u e n c h e rs  o f  s i n g l e t  
oxygen [67J i t  i s  r e a s o n a b le  to  assum e t h a t  i t  i s  by t h i s  pathw ay 
t h a t  th e  a n t io x id a n t  p r o p e r t i e s  o f  th e  HALS n i t r o x id e s  a r e  
o b ta in e d , i n  t h i s  c a s e .  However, any e f f e c t  on polym er s t a b i l i t y  
by t h i s  m ethod w ould be n e g l i g i b l e ,  even su p p o s in g  th e  p re se n c e
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F i g u r e  4 , 6
Relationship between quenching coefficient and ionisation potential for amines.
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o f  a  s u b s t a n t i a l  c o n c e n t r a t io n  o f  PNA i m p u r i t i e s .
The a b i l i t y  o f  HALS to  quench s i n g l e t  e x c i t e d  s t a t e s  
p r e s e n t s  a  m ore i n t e r e s t i n g  p i c t u r e .  A ll th e  h in d e re d  am ines 
i n v e s t i g a t e d ,  w ith  th e  e x c e p t io n  o f  C944 w hich i s  a  s p e c ia l  c a se  
due to  th e  p se u d o -a ro m a tic  t r i a z i n e  r i n g ,  a r e  poo r q u e n c h e rs  o f  
e x c i te d  s i n g l e t s .  F ig u re  4 .6  d o es  n o t ,  how ever, show ag reem en t 
w ith  th e  f in d in g s  o f  H e l le r  and B la ttm a n  [3 1 3» C o n tra ry  to  th e  
r e s u l t s  o f  th e s e  a u th o r s ,  we can  f in d  no a p p r e c ia b le  d i f f e r a n c e  
i n  th e  b e h a v io u r  o f h in d e re d  and n o n -h in d e re d  s p e c i e s ,  and i t  can  
c l e a r l y  be se e n  t h a t  t h e r e  i s  a  d i s c o n t in u i ty  i n  th e  r e l a t i o n s h i p  
betw een  kq and IP ;  when th e  IP  o f  th e  am ine i s  above c .6 .8 e V  th e  
q u en ch in g  a b i l i t y  i s  n e g l i g i b l e ,  below t h i s  v a lu e  kq i n c r e a s e s  
r a p i d l y .
C o n s id e r in g  th e s e  o b s e r v a t io n s ,  and ta k in g  i n t o  a c c o u n t th e  
l i k e l y  c o n c e n t r a t io n s  o f  th e  v a r io u s  HALS d e r i v i t i v e s  and PNA 
im p u r i t i e s ,  i t  m ust be co n c lu d ed  t h a t  q u en ch in g  o f  s i n g l e t  EES, 
e i t h e r  s i n g l e t  oxygen o r  e x c i te d  ch rom ophores, i s  n o t  l i k e l y  to  
be an  im p o r ta n t  f a c t o r  i n  th e  s t a b i l i s a t i o n  m echanism  o f  HALS.
jLîJLî2-Jü?lpXeJL-Xnter-as.t.ij?iis.
a )  D e f in i t io n  o f  E xperim ent
I n  t h i s  s e c t i o n  we i n v e s t ig a t e d  th e  e f f e c t  o f  a d d i t io n  o f
HALS on th e  p h o sp h o re sc e n ce  l i f e t i m e  o f two w e ll  c h a r a c te r i s e d
*t r i p l e t  l e v e l s ;  t h a t  o f t r ip h e n y le n e ,  w hich r e s u l t s  from  a tt*-  tt 
e l e c t r o n i c  t r a n s i t i o n ,  and o f  benzophenone, w hich r e s u l t s  from  an  
n -  7T* t r a n s i t i o n .  The c o n c ep t o f  EES l i f e t i m e  may be d e s c r ib e d  
a s  f o l lo w s . I f  an  e x c i t e d  m o le c u la r  s p e c ie s  d ecay s  by a
u n im o le c u la r  p ro c e s s  w ith  a  r a t e  c o n s ta n t  k ^ , th e  r a t e  o f  decay
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may be w r i t t e n  a s
- d [ A * ] /d t  = ■'x [A*]
I n t e g r a t e  [A ] = [A^ ] e ”*' ^
ln[A *3 = ln[A g ] -  k ^ t  
Hence th e  v a lu e  o f  k^ can  be o b ta in e d  from  th e  r e s u l t i n g  s t r a i g h t  
l i n e  and th e  mode o f decay  i s  term ed  e x p o n e n t ia l .
By d e f i n i t i o n  [1 1 0 ] , th e  t o t a l  r a t e  p a ra m e te r  k^ i s  th e  sum 
o f  a l l  th e  u n im o le c u la r  p r o c e s s e s ,  o th e r  th a n  d i s s o c i a t i v e ,  
o p e ra t in g  on an  e x c i t e d  s t a t e .  T h is  l e a d s  t o  a  d e f i n i t i o n  o f  an 
e m is s io n  l i f e t i m e  T ,  w hich i s  e q u a l to  th e  in v e r s e  sum o f a l l  
th e  r a t e  p a ra m e te rs  w hich d e a c t iv a t e  th e  e x c i t e d  s t a t e .  For a 
t r i p l e t  l i f e t i m e  t h i s  w i l l  s im p l i f y  to  th e  r e c i p r o c a l  o f a l l  
t r i p l e t  decay p r o c e s s e s .  I t  m ust be n o ted  h e re  t h a t ,  i n  
p r a c t i c e ,  e x p o n e n tia l  b e h a v io u r , and hence  a  v a l i d  v a lu e  o f  2^, 
a r e  o n ly  o b ta in e d  f o r  m ost m o le c u le s  a t  low  T, t h e r e f o r e  
e x p e rim e n ts  a r e  c a r r i e d  o u t  i n  l i q u i d  n i t r o g e n  (77K ).
In  e l e c t r o n i c  s p e c tro s c o p y  th e  lu m in esc e n c e  e m is s io n  
i n t e n s i t y  i s  u sed  to  fo llo w  th e  c o u rse  o f th e  decay  and i f  th e  
system  obeys th e  above schem e i t  c an  be deduced t h a t  a  p l o t  o f  I n  
i n t e n s i t y  a g a in s t  tim e  o u g h t to  be l i n e a r  w ith  a  g r a d i e n t  o f - k ^ ,  
th e r e f o r e  th e  p h o sp h o re sc e n ce  l i f e t i m e  o f th e  sam ple can  be 
s im p ly  c a lc u la t e d .
Any qu en ch in g  p r o c e s s ,  o r enhancem ent o f  n o n - r a d i a t iv e  decay 
p r o c e s s e s ,  b ro u g h t a b o u t by a d d i t io n  o f  HALS o r  n i t r o x id e  w i l l  
change th e  sum o f th e  t r i p l e t  decay  p r o c e s s e s ,  and hence  lo w er 
th e  l i f e t i m e  o f  th e  sy stem  n o te d  from  e x p e rim e n t.
b) T r ip h e n y le n e  i n  Polvm er M a tr ix  -  7 X - 7 V  T r i p l e t s
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Due to  th e  r e l a t i v e l y  lo n g  p h o sp h o re sc e n ce  l i f e t i m e  Of 
t r ip h e n y le n e  ( c .1 5 s )  i t  was p o s s ib l e  to  m easu re  th e  t r i p l e t  decay 
o f  sam ple f i lm s  u s in g  a P e rk in  -  Elm er MPF-2A 
S p e c t r o f lu o r im e te r .  The o u tp u t o f th e  s p e c t r o f lu o r im e te r  
p h o to m u l t ip l i e r  was t r a n s f e r r e d  u s in g  a S o l a r t r o n  d a ta  t r a n s f e r  
u n i t  to  a  F a c i t  4070 p a p e r  ta p e  punch. The t r i p l e t  decay  was 
m o n ito re d  u s in g  a sam p lin g  r a t e  o f  I s .  The e x c i t a t i o n  so u rc e  was 
a  150 W att xenon lam p, a llo w in g  c o n tin u o u s  sam ple  e x c i t a t i o n .  
A f te r  e s t a b l i s h in g  a s te a d y  s t a t e  c o n c e n t r a t io n  o f  t r i p l e t  
s p e c ie s ,  th e  e x c i t a t i o n  s h u t t e r  was c lo s e d  w h i l s t  s im u lta n e o u s ly  
s w itc h in g  on th e  d a ta  t r a n s f e r  u n i t  to  sam ple th e  v o l ta g e  decay 
a t  p re d e te rm in e d  i n t e r v a l s ,  t h i s  g e n e r a l ly  b e in g  fo llo w e d  u n t i l  
t h r e e  o r f o u r  f i r s t - o r d e r  l i f e t i m e s  had e la p s e d .  R e s u l ts  w ere  
p l o t t e d  a s  I n  i n t e n s i t y  vs t im e , and th e  g r a d i e n t  c a lc u la t e d  
u s in g  a  l i n e a r  r e g r e s s io n  programme.
-4  -3F ilm s o f  PMMA c o n ta in in g  10 M t r ip h e n y le n e  and 10 M o f  th e
a p p r o p r ia t e  HALS or n i t r o x id e  w ere  c a s t  from  CH^Cl^ s o lu t i o n  to  a
th ic k n e s s  o f  0 .0 5 0  + 0.002mm, and d r ie d  i n  th e  d a rk  i n  a  vacuum
oven a t  25 f o r  3 d a y s . Sam ples w ere  p la c e d  i n  a  s p e c i a l l y  
c o n s tr u c te d  q u a r tz  c e l l  a t t a c h e d  t o  a  vacuum l i n e  and pumped down
to  b e t t e r  th a n  lO T ^T orr. The sam ple com partm ent o f th e
s p e c t r o f lu o r im e te r  was m o d if ie d  t o  h o ld  a q u a r tz  dew er f l a s k ,  and 
th e  sam ple was c o o le d  i n  t h i s  t o  77K d u r in g  m easu rem en ts o f  th e  
t r i p l e t  d ecay .
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TABLE 4 .B
T r i p l e t  l i f e t i m e  o f t r ip h e n y le n e  i n  th e  p re s e n c e  o f  HALS
Ssm pis___________________________ __
T rip h e n y le n e , no a d d i t i v e  14 .4
T in u v in  770 , a s  a d d i t i v e  14 .7
T in u v in  622 , a s  a d d i t i v e  1 4 .5
C him assorb  944, a s  a d d i t i v e  14 .7
TABLE 4 .0
T r i p l e t  l i f e t i m e  o f t r ip h e n y le n e  i n  th e  p re s e n c e  o f  
n i t r o x id e s
Sam ple p ( s )
T rip h e n y le n e , no a d d i t i v e  14 .4
TMPC a s  a d d i t i v e  13-7
T770NO. a s  a d d i t iv e  1 3 .4
C944NO. a s  a d d i t i v e  13*7
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R e s u l ts  o f  th e  e f f e c t  o f  HALS and t h e i r  n i t r o x id e s  on th e  
t r i p l e t  l i f e t i m e  o f  t r ip h e n y le n e  a r e  shown i n  T a b le s  4 .B  and 
4 .C . R e s u l ts  a r e  a v e ra g e s  o f  fo u r  e x p e r im e n ta l  ru n s , and a l l  
have  c o r r e l a t i o n  c o e f f i c i e n t s  b e t t e r  th a n  0 ,9 9 8 .
-û) Benzophenone i n  Polvm er M a tr ix  -  n - v r*  T r i p l e t s .
Due to  th e  s h o r t  t r i p l e t  l i f e t i m e  o f  benzophenone ( 5ms) i t  
was n o t p o s s ib le  to  u se  a  s im p le  m o d if ic a t io n  o f th e  
s p e c t r o f lu o r im e te r  as  above , and in s t e a d  a c o m p le te ly  new p u lse d  
l a s e r  e x c i t a t i o n  a p p a ra tu s  was r e q u i r e d .  The p r in c i p a l  
com ponents o f  t h i s  a p p a ra tu s  w ere  a n i t r o g e n  l a s e r  e x c i t a t i o n  
so u rc e  (Lambda P h y sik  K600; 3 3 7 .Inm l i n e )  and a t r a n s i e n t
r e c o r d e r  f o r  d a ta  a c q u i s i t i o n  (D a ta la b  DL920), th e  ra n g e  o f w hich 
a llo w e d  decay  e v e n ts  o f  0 .1m s -  8s to  be s tu d ie d .  The
v e r s a t i l i t y  o f  th e  equ ipm en t was f u r t h e r  enhanced  by i n t e r f a c i n g  
th e  t r a n s i e n t  r e c o r d e r  to  a  m ic ro co m p u te r, th e re b y  e n a b lin g  th e  
e n t i r e  d a ta  a c q u i s i t i o n  c y c le  and su b se q u e n t m a n ip u la t io n  to  be 
u n d e r com puter c o n t r o l .  A sc h e m a tic  r e p r e s e n t a t i o n  o f  th e  
e x p e r im e n ta l  s e t - u p  i s  shown i n  F ig u re  4 .7
PMMA f i lm s  c o n ta in in g  10~^M benzophenone and v a r io u s  
c o n c e n t r a t io n s  o f  T in u v in  770 o r i t s  n i t r o x id e  w ere  c a s t  from  
CHgClg s o lu t io n  to  a  th ic k n e s s  o f  0 .0 5 2  + 0.002mm and d r ie d  i n  
th e  m anner d e s c r ib e d  above . The sam ple f i lm s  w ere  p la c e d  i n  a  
s p e c i a l  c e l l  w hich was th e n  pumped down to  b e t t e r  th a n  10” ^T o rr 
on a  vacuum l i n e ,  b e fo r e  b e in g  t r a n s f e r r e d  t o  a  q u a r tz  dew ar o f 
l i q u i d  n i t r o g e n  i n  th e  sam ple chamber o f th e  a p p a ra tu s .  The 
sam ple was e x c i te d  by th e  l a s e r ,  and th e  e m is s io n  a t  450nm was 
o b se rv e d .
;
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F i g u r e  4 , 7
Schematic diagram of pulsed laser lifetime measuring apparatus.
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TABLE 14. D
T r i p l e t  l i f e t i m e  o f  benzophenone i n  th e  p re s e n c e  o f  T in u v in
770.
_T77_0_CM) -  D _(ms)
0 4.85
10“  ^ 4.81
5 10"^ 4.84
10"3 4.83
TABLE 4 .E
T r ip l e t  l i f e t i m e  o f  benzophenone i n  th e  p re s e n c e  o f T770N0. 
T770NO. (M) -  P (ms)
0 4.85
10"* 4 .72
5 10"* 4.67
10"3 4 .49
U V
R e s u l ts  a r e  shown i n  T a b le s  4.D  and 4 .E ; a l l  r e a d in g s  a r e  
th e  a v e ra g e  o f  t h r e e  r u n s ,  and th e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  
a l l  b e t t e r  th a n  0 .9 9 8 . C a lc u la t io n s  w ere a c h ie v e d  u s in g  th e  
preprogram m ed m ic ro co m p u te r [1 1 1 ] .
d) Discussion
From th e  r e s u l t s  shown, i t  i s  q u i t e  c l e a r  t h a t  HALS, and 
t h e i r  n i t r o x id e  d e r i v a t i v e s ,  have no a p p r e c ia b le  e f f e c t  on th e  
t r i p l e t  l i f e t i m e  o f  e i t h e r  t r ip h e n y le n e  o r benzophenone.
4 :1 :3  C o n c lu s io n s
H aving s tu d i e d  th e  i n t e r a c t i o n  o f  HALS and n i t r o x id e s  w ith  a  
mo/'t extcnai've s e l e c t i o n  o f  e x c i te d  s t a t e  s p e c ie s  th e  fo llo w in g  
o b s e r v a t io n  can  be made : -
HALS th e m se lv e s  show no a b i l i t y  to  i n t e r a c t  w ith  s i n g l e t  d
oxygen o r  w ith  t r i p l e t  s t a t e s ,  and a  v e ry  poor q u en ch in g  a b i l i t y  
i n  th e  ca se  o f  e x c i t e d  s i n g l e t s ,  e x c e p t f o r  th e  anom alous 
C him assorb  944. T h is  i s  a  m o d e ra te ly  good q u e n c h e r , due m ost 
p ro b ab ly  to  i t s  q u a s i -  a ro m a tic  sy s te m , and n o t t o  th e  CT 
i n t e r a c t i o n  undergone by o th e r  am ines [1 0 4 ] , b u t t h i s  a l s o  
p ro v id e s  a  d is a d v a n ta g e  i n  th e  form  o f  s e n s i t i s a t i o n  under h ig h  
energy  i r r a d i a t i o n ,  and th e  m o le c u le  may i t s e l f  p h o to fra g m e n t to  
g iv e  d e l e t e r i o u s  by -  p r o d u c ts .
The a b i l i t y  o f  n i t r o x id e s  t o  quench s i n g l e t  oxygen and 
e x c i t e d  s i n g l e t s  h a s  a l r e a d y  been  e s ta b l i s h e d  [ 3 1 ] ,  b u t i t  i s  
d i f f i c u l t  to  a s s e s s  q u a n t i t a t i v l y  by our m ethods due to  th e  h ig h  
c o lo u r  o f  th e s e  s p e c ie s .  I n  any c a se  th e  low s te a d y  s t a t e
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c o n c e n t r a t io n  o f  th e s e  s p e c ie s  i n  a  p h o to - o x id is in g  polym er 
dom ain i s  u n l ik e ly  to  p ro v id e  a m ajo r c o n t r i b u t i o n  to  s t a b i l i t y .  
An e x tre m e ly  weak a b i l i t y  to  quench  t r i p l e t s  i s  e x h ib i t e d ,  b u t i s  
d e f i n i t e l y  n o t s t r o n g  enough to  be im p o r ta n t  i n  a  com m ercial 
s i t u a t i o n .
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4 :2  I n t e r a c t i o n  o f  HALS and HvdroperoxjLdes
We have . a lr e a d y  n o ted  t h a t  h y d ro p e ro x id e s  a r e  im p o r ta n t  
in te r m e d ia te s  i n  th e  a u to x id a t io n  o f  h y d ro c a rb o n s , and i t  i s
s t i l l  p ro p o sed  t h a t  ROOH i s  th e  prim e p h o t o i n i t i a t o r  i n  th e  
p h o to -o x id a t io n  o f  p o l y o le f in s  [ 2 ] .  In  o rd e r  to  p re v e n t  th e  
c o n tin u in g  o x id a t io n  r e a c t i o n ,  i t  w ould be n e c e s s a ry  f o r  an 
a d d i t i v e  a c t in g  on ROOH to  e i t h e r  s t a b i l i s e  th e  m o le c u le  i n  some 
way so  a s  t o  p re v e n t  bond s c i s s i o n ,  o r to  a c t i v e l y  en co u rag e  th e  
breakdow n b u t i n  some way to  p roduce  n o n - r a d ic a l  d e r i v a t i v e s .
B ecause o f  th e  low c o n c e n t r a t io n s  p r e s e n t  i n  a  com m ercial 
po lym er o f  b o th  HALS and ROOH, i t  i s  n e c e s s a ry  t h a t  th ey  a r e  i n  
c lo s e  p ro x im ity  to  each  o th e r ,  i f  any r e a c t i o n  be tw een  them i s  to  
have any s i g n i f i c a n t  e f f e c t  on th e  o v e r a l l  p h o to -o x id a t io n  
r e a c t i o n .  T h is  i s  th e  r e a s o n in g  b eh in d  th e  w e l l  a c c e p te d  view  
t h a t ,  b ecau se  o f  th e  h ig h  b a s i c i t y  o f  HALS, th ey  a r e  c a p a b le  o f 
a s s o c i a t i n g  w ith  ROOH [5 5 ] and th e re b y  e i t h e r  p re v e n t in g  ROOH 
bond s c i s s i o n ,  o r r e a c t i n g  s to i c h io m e t r i c a l l y  to  p roduce  th e  
n i t r o x id e  r a d i c a l  d e r i v a t i v e s .
The v a l i d i t y  o f  such  a m echanism  depends e n t i r e l y  on th e
a b i l i t y  o f HALS to  a s s o c i a t e  w ith  a  h ig h  p r o p o r t io n  o f  th e
a v a i l a b l e  ROOH i n  a  po lym er. In  t h i s  s e c t i o n  we used  v a r io u s
s p e c t r o s c o p ic  te c h n iq u e s  t o  i n v e s t i g a t e  th e  i n t e r a c t i o n  o f  HALS 
and ROOH, and to  e v a lu a te  th e  im p o rta n c e  o f such  r e a c t i o n s .
4 :2 :1  N u c le a r  M agnetic  R esonance .
I n  d i l u t e  s o lu t i o n  (0 .0 5  -  0 .5  mol dm"^) i n  CCl^ and CDCl^, th e  
ch em ica l s h i f t s  o f  p ro to n s  o f  OH, NH, and SH g ro u p s  e x h i b i t  a 
s u b s t a n t i a l  c o n c e n t r a t io n  and te m p e ra tu re  e f f e c t  on hyd rogen
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F i g u r e  4 . 8
Change i n  Ir.H c h e . i i i c a l  s h i f t  o f  h y d r o p e r o x y  p r o t o n
w i t h  h y d r o p e r o x i d e  c o n c e n t r a t i o n .
S ( p p m )
M o l e s  t - B u O O H
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F i g u r e  4*9
Change i n  'TÎ.1H c h e m i c a l  s h i f t  o f  h y d r o p e r o x y  p r o t o n
w i t h  t e m p e r a t u r e .
6 ( p p m )
333 T ( K )
bond ing  [1 1 2 ];  in t r a m o le c u la r  H -  bonds a r e  l e s s  a f f e c te d  th a n  
in te r m o le c u la r  ones by ch an g es  i n  c o n c e n t r a t io n ,  bo th  ty p e s  a r e  
a f f e c t e d  by te m p e ra tu re  v a r i a t i o n s .  S in ce  H -  bond ing  in v o lv e s  
p a r t i a l  e l e c t r o n  t r a n s f e r  from  th e  H to  a  n e ig h b o u rin g  
e le c t r o n e g a t iv e  atom  (0 ,  N, o r S ) , th e  hyd rogen  e x p e r ie n c e s  a  n e t  
d e s h ie ld in g  e f f e c t  when H -  bon d in g  i s  s t r o n g ,  and i s  l e s s  
d e s h ie ld e d  when H -  b ond ing  i s  d im in is h e d . These e f f e c t s  may be 
se e n  i n  F ig u re s  4 .8  and 4 .9 ,  i n  w hich th e  change i n  chem ical 
s h i f t  undergone  by d i l u t e  s o lu t i o n s  o f  tBuOOH w ith  b o th  
c o n c e n t r a t io n  and te m p e ra tu re  i s  shown.
A d d itio n  o f  an  am ine such  a s  HALS to  a  s o lu t i o n  o f  tBuOOH 
would be e x p e c te d  to  have  some e f f e c t  on th e  ch em ica l s h i f t  o f 
th e  h y d ro p ero x y  p ro to n , i f  an  a s s o c i a t i o n  had been  form ed. U sing 
a B ru k er 80 MHz NMR S p e c tro m e te r ,  th e  e f f e c t  o f  th e  a d d i t io n  o f  
v a r io u s  c o n c e n t r a t io n s  o f T in u v in  770 on tn e  hyd roperoxy  chem ica l 
s h i f t  o f a  1 .005  mol dm~^ s o lu t i o n  o f  tBuOOH i n  CCly/CDCl^ was 
i n v e s t i g a t e d ,  w ith  th e  r e s u l t s  shown i n  F ig u re  4 .1 0 . Such a 
l a r g e  change i n  ch em ica l s h i f t  on a d d i t io n  o f  th e  h in d e re d  am ine 
w ould seem to  s u g g e s t  a  s u b s t a n t i a l  i n t e r a c t i o n  betw een tBuOOH 
and HALS, b u t t h i s  i s  n o t  n e c e s s a r i ly  so . We have a lr e a d y  n o ted  
th e  m arked e f f e c t  o f changes o f  c o n c e n t r a t io n  and te m p e ra tu re  on 
h y d ro p e ro x id e  s p e c t r a ,  and i t  h a s  been  q u o te d  [113] t h a t  changes 
o f  up to  lOppm can o c c u r  i n  m aking and b re a k in g  H -  bonds. 
U n fo r tu n a te ly ,  l i m i t a t i o n s  o f  t h i s  te c h n iq u e  do n o t a llo w  us t o  
a s s ig n  q u a n t i t a t i v e  v a lu e s  t o  th e  am ount o f  tBuOOH a s s o c ia te d  
w ith  HALS.
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F i g u r e  4 . 1 0
Change i n  c h e m i c a l  s h i f t  o f  h y d r o p e r o x y  p r o t o n
w i t h  c o n c e n t r a t i o n  o f  T i n u v i n  7 7 0 *
Moles T770
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C a rry in g  o u t a  s im i la r  ex p e rim e n t w ith  C him assorb  944 
r e s u l t e d  i n  th e  same ty p e  o f  b e h a v io u r , b u t e x p e r im e n ts  c a r r i e d  
o u t u s in g  t e r t i a r y  am ines d id  n o t .  An e x p e r im e n ta l  run  u s in g  
T in u v in  622 showed a r a p id  b ro a d e n in g  o f  th e  hyd ro p ero x y  
re so n a n c e , b u t v e ry  l i t t l e  change i n  ch em ica l s h i f t .
E x p erim en ts  to  d e te rm in e , by NMR, th e  e x is te n c e  o f  
a s s o c i a t i o n  betw een  n i t r o x id e s  and tBuOOH c o u ld  n o t  be c a r r i e d  
o u t due to  th e  u n p a ire d  e l e c t r o n  i n  th e  r a d i c a l  i n t e r f e r i n g  w ith  
th e  p ro to n  re so n a n c e  s ig n a l .
 _U V /V isible A b so rp tio n  S p e c tro sc o p y
S o lu t io n s  o f  HALS i n  n e a t  tBuOOH w ere p re p a re d , and exposed  
t o  d i f f u s e  s u n l i g h t .  W ith in  t h r e e  d a y s , th e  TMP s o lu t i o n  had  
tu rn e d  d a rk  r e d ,  i n d i c a t i n g  s u b s t a n t i a l  fo rm a tio n  o f  th e  
n i t r o x id e  r a d i c a l ;  a f t e r  a p p ro x im a te ly  20 d a y s  th e  s o lu t i o n s  
c o n ta in in g  T in u v in  770 and C him assorb  944 had tu rn e d  b r ig h t  
o ra n g e , i n d ic a t i n g  t h a t  th ey  to o  w ere c a p a b le  o f  a  d i r e c t  
r e a c t i o n  w ith  th e  h y d ro p e ro x id e . Of th e  t e r t i a r y  HALS, T in u v in  
292 showed a p a le  o ran g e  c o lo u r  a f t e r  40 d a y s , w h ile  T in u v in  622 
showed no c o lo u r  change, even a f t e r  100 d a y s .
Having e s ta b l i s h e d  th e  o c c u rre n c e  o f  th e  r e a c t i o n  betw een  
ROOH and HALS, an  e x p e rim e n t was c a r r i e d  o u t  on d i l u t e  s o lu t i o n s  
o f  th e  s u b s t r a t e s .  T hree  s o lu t i o n s  w ere  p re p a re d  a) 1 .27 *  
10“ ^ mol dm“^ tBuOOH i n  CHCl^; b ) 5 X 10"^ mol dm“ ^ T in u v in  770 
i n  CHClg: c ) 1 .27  x  10“ ^ mol dm” ^ tBuOOH p lu s  5 x  10” ^ mol dm“ ^
T in u v in  770 i n  CHCl^. U sing th e  a b so rb a n c e  a t  275nm a s  an  
a r b i t r a r y  m ark e r, changes i n  th e  U V /V is ib le  s p e c t r o s c o p ic
68
F i g u r e  4 , 1 1
Reaction of tBuOOH and Tinuvin 770 under 
sunlight - Change in 2J3n:n. absorbance.
L t-BuOOH 
AT 770 
B Both
15-
10 20 
t (days)
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69
b e h a v io u r  o f th e  s o l u t i o n s  on e x p o su re  to  d i f f u s e  s u n l i g h t  w ere  
fo llo w e d  u s in g  a Unicam SP800 S p e c tro p h o to m e te r . R e s u lts  a r e  
shown i n  F ig u re  4 .1 1 .  As e x p e c te d , even o v e r  a  lo n g  p e r io d  o f  
t im e , T in u v in  770 shows no change; th e  tBuOOH e x h ib i t s  v e ry  
l i t t l e  change i n  th e  275nm r e g io n ,  b u t o b s e r v a t io n s  o f  low er 
w a v e le n g th s  show t h a t  a  m o d era te  change ta k e s  p la c e .  The 
s o lu t i o n  c o n ta in in g  b o th  compounds shows a m arked change, and 
shows t h a t  t h e r e  i s  a  d e f i n i t e  r e a c t i o n  o c c o u rin g  betw een  th e  
two. I t  i s  im p o r ta n t  to  n o te ,  how ever, t h a t  t h i s  change ta k e s  
p la c e  o v e r a v e ry  lo n g  p e r io d  o f  t im e .
   Jnf na.r.. J.Q.,d..-3.p.e.Qtr..Qg.Q.o.py.
A gain u s in g  tBuOOH a s  a m odel compound, th e  a b i l i t y  o f HALS 
t o  form  a s s o c i a t i o n s  w ith  t h i s  ty p e  o f  compound was i n v e s t i g a t e d ,  
u s in g  th e  m ethod o f  S e d la r  e t  a l  [ 5 5 ] .  IR s p e c t r a  o f s o lu t i o n s  
c o n ta in in g  0 .0 2 5  mol dm” ^ o f  tBuOOH and v a ry in g  c o n c e n t r a t io n s  o f  
th e  s t a b i l i s e r  (0 -  0 .2  mol dm~^) i n  CCl^ w ere  ta k e n , u s in g  a 
Beckman l i q u i d  IR c e l l ,  on a P e rk in  -  Elm er 1330 IR 
S p e c tro p h o to m e te r , and th e  r e a c t i o n  fo llo w e d  by o b s e rv in g  th e  
d is a p p e a ra n c e  o f  th e  3540cm~^ a b so rb a n c e  a t t r i b u t a b l e  to  
h y d ro p e ro x id e  monomer (S ee  F ig u re  4 .1 2  f o r  a  t y p i c a l  
i l l u s t r a t i o n ) .
For th e  a s s o c i a t i o n ,  th e  e q u i l ib r iu m  can  be d e s c r ib e d  a s  
fo l lo w s
ROOH + HALS ^ = 9  (ROOH HALS)
E q u ilib r iu m  c o n s ta n t  K = [ROOH,. . HALS]/[ROOH][HALS]
F ra n  t h i s  e q u i l ib r iu m , th e  K 's  f o r  a s s o c i a t i o n  betw een  tBuOOH and 
th e  v a r io u s  HALS can  be c a lc u la t e d  (T a b le  4 .F )
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F i g u r e  4 , 1 2
Variation of tBuOOH 5540crû ^  IE absorption with Tinuvin 770 concentration.
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TABLE 4 .F
E q u ilib r iu m  c o n s ta n t s ,  K, f o r  a s s o c i a t i o n  fo rm a tio n  betw een 
tBuOOH and HALS.
Compound K (M~^)
TMP 25
T in u v in  770 27
C him assorb  944 37
T in u v in  292 13
T in u v in  622 3
TMPC 3
T in u v in  770 n i t r o x id e  3
C him assorb  944 n i t r o x id e  11
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The v a lu e s  we have found  f o r  K f o r  seco n d a ry  and t e r t i a r y  
h in d e re d  am ines a r e  i n  e x c e l l e n t  ag reem en t w ith  v a lu e s  found  by 
p re v io u s  a u th o r s  [ 5 5 ,5 6 ] .  C a lc u la te d  v a lu e s  f o r  n i t r o x id e  
a s s o c i a t i o n ,  on th e  o th e r  han d , a r e  s u b s t a n t i a l l y  low er th a n  
th o s e  found by G r a t ta n  e t  a l  [ 5 7 ] .
4 :2 :4  C o n c lu s io n s
R e s u l ts  from  NMR s p e c tro s c o p y  i n d i c a t e  t h a t  t h e r e  i s  some 
form  o f  a s s o c i a t i o n  betw een  h y d ro p e ro x id e s  and am ines , b u t 
b e c au se  o f th e  ex trem e s e n s i t i v i t y  o f  th e  ch em ica l s h i f t  o f  
hyd rogen  bonded s p e c i e s ,  and th e  l i m i t a t i o n s  o f  th e  b a s ic  
te c h n iq u e , i t  i s  d i f f i c u l t  to  deduce w h e th e r  a  s i g n i f i c a n t  
a s s o c i a t i o n  o f  tBuOOH and HALS e x i s t s .
U V /V is ib le  s p e c tro s c o p y  shows t h a t  th e  r e a c t i o n  betw een  HALS 
and tBuOOH to  p roduce  a  s t a b l e  f r e e  -  r a d i c a l  i s  v i a b l e  b u t slow  
a t  red u c e d  c o n c e n t r a t io n .  At th e  l e v e l  p r e s e n t  i n  a  po lym er, 
su ch  a random s to i c h io m e t r i c  r e a c t i o n  w ould be v e ry  slow , and 
m igh t be a b le  to  a c c o u n t f o r  th e  v e ry  low p r o p o r t io n  o f  n i t r o x id e  
p r e s e n t  i n  a  d e g ra d in g  sam p le .
The o n ly  method i n v e s t ig a t e d  t o  p roduce  r e p r o d u c ib le  
q u a n t i t a t i v e  d a ta  on th e  a s s o c i a t i o n  i s  IR s p e c tro s c o p y , and t h i s  
m e r i t s  c lo s e r  e x a m in a tio n . E q u ilib r iu m  c o n s ta n t s  a r e  e x p re s s e d  
i n  th e  u n i t s  " p e r  m ole" t h e r e f o r e  i t  i s  c r u c i a l  to  a s c e r t a i n  th e  
c o n c e n t r a t io n  o f  th e  com ponents w hich come to g e th e r  t o  form  such  
a com plex. In  a  p o ly (p ro p y le n e )  sam p le , th e  c o n c e n t r a t io n  o f  
h y d ro p e ro x id e  p r e s e n t  te n d s  t o  be i n  th e  ra n g e  1 -  20 x  10~^N
[1 1 4 ] ,  w h ile  s ta n d a rd  am ounts o f  h in d e re d  am ines added to  a
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wmcom m ercial polym er a r e  i n  th e  ra n g e  10 -  10 M. T aking T in u v in
770 a s  a  t y p i c a l  s t a b i l i s e r ,  and a p p ly in g  th e  above e q u i l ib r iu m , 
a  v a lu e  o f  1 .3 5  x  10 M i s  o b ta in e d  f o r  th e  c o n c e n t r a t io n  o f  th e  
com plex. T h is  r e p r e s e n t s  c .1 .5%  o f  th e  o r ig i n a l  h y d ro p e ro x id e  
c o n c e n t r a t io n .  A c tu a l v a lu e s  may f l u c t u a t e  to  e i t h e r  s id e  o f  
t h i s ,  d ep en d in g  on th e  p r o c e s s in g  h i s t o r y  o f th e  sam p le , b u t i t  
i s  c l e a r  t h a t  i n  an  a c tu a l  polym er e n v iro n m en t th e  am ount o f 
a s s o c i a t i o n  form ed be tw een  T in u v in  770 and th e  h y d ro p e ro x id e s  i n  
th e  polym er w i l l  be low . In  th e  c a se  o f t e r t i a r y  HALS, w hich a r e  
e q u a lly  e f f e c t i v e  s t a b i l i s e r s  [ 4 8 ] ,  t h i s  f i g u r e  w i l l  be even  
lo w e r.
These r e s u l t s  c a s t  d o ub t on th e  im p o rta n c e  o f  th e  
ROOH.. . . HALS a s s o c i a t i o n .
4 :3  In t e r a c t io n  o f  HALS w ith  M e ta l Io n a .
As h a s  been  n o te d  a l r e a d y  [ 2 6 ,2 7 ,2 8 ] ,  t r a c e  am ounts o f  
t r a n s i t i o n  m e ta ls  a r e  c a p a b le  o f  s u b s t a n t i a l l y  a c c e l e r a t i n g  
p h o to -o x id a t io n  o f  l i q u i d  h y d ro c a rb o n s . The d e c o m p o s itio n  o f  
h y d ro p e ro x id e s  by m il l im o la r  am ounts o f  m e ta l io n s  such  a s  Co^*, 
Mn^ "*", and Fe^*  i s  q u i t e  r a p id  ev en  a t  RT [1 1 5 ]; th e  p ro d u c ts  i n  
u n r e a c t iv e  s o lv e n t s  can  be r a t i o n a l i s e d  by : -
ROOH + M*  ^ -----------> RO. + (OH")
ROOH +  ? ROO. + (H’*')
fo llo w e d  by r a d i c a l  c h a in  d e c o m p o s itio n  i n  c o m p e ti t io n  
w ith  : -  RO. + M^"*"  ^  RO" +
I f  p r e s e n t  i n  e x c e s s ,  how ever, M^^ may com pete e f f e c t i v e l y  f o r  
RO.. T h is  r e a c t i o n ,  t o g e th e r  w ith  a  s im i la r  r e d u c t io n  o f  peroxy  
r a d i c a l s ,  p resum ab ly  e x p la in s  why a low c o n c e n t r a t io n  o f m eta l 
io n s  i s  o p tim a l f o r  c a ta ly s i n g  a u to x id a t io n s .
The p re se n c e  o f  a  v a r i e t y  o f t r a c e  m e ta ls  i n  p o ly (p ro p y le n e )  
h a s  been  docum ented [ 5 ] ,  and ou r own a n a ly s e s  o f  p o ly (p ro p y le n e )  
f i lm s  c o n ta in in g  v a r io u s  HALS shows th e  p re s e n c e  o f  a  s i g n i f i c a n t  
amount o f i r o n  (T a b le  4 .G ) . I t  i s  a  p l a u s i b le  a rg u  m ent to  
s u g g e s t  t h a t  th e  t r a c e  m e ta l im p u r i t i e s ,  b e in g  m o b ile  s p e c ie s  i n  
m ost c a se s  [ 5 ] ,  m igh t a c t  i n  a  s im i l a r  way i n  p o ly o le f in s  to  t h a t  
w hich they  e x h ib i t  i n  l i q u i d  h y d ro c a rb o n s .
The a b i l i t y  o f  am ines to  a c t  a s  e l e c t r o n  d o n o rs  i n  a  v a r i e ty  
o f o rg a n o m e ta l l ic  compounds i s  w e ll  known [1 1 6 ]; r e c e n t l y ,  a  
p o s s ib le  c o m p le x a tio n  r e a c t i o n  betw een  a  HALS and F e ( I I I )  h a s  
been  n o ted  [ 5 6 ] .  Up t i l l  now th e r e  h as  been  no s tu d y  u n d e r ta k e n  
on th e  e f f e c t  o f HALS on m e ta l io n s ,  and i t  was d e c id e d  to
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TABLE i t .G
A n aly ses  o f  p o ly (p ro p y le n e )  f i lm s  f o r  i r o n ,  u s in g  a to m ic
a b s o r p t io n  s p e c tro s c o p y .
Ad,ai„ti,y„e (.ppm).
None 6
T in u v in  770 13
T in u v in  622 10
C him assorb  944 15
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i n s t i g a t e  such  an i n v e s t i g a t i o n  o f  t h i s  p o t e n t i a l l y  im p o r ta n t  
r e a c t i o n .
4 :3 :1  Q u a l i t a t i v e  I n v e s t ig a t io n .
As an  i n i t i a l  t e s t ,  aqueous s o lu t i o n s  o f  c h lo r id e  s a l t s  o f  
th e  f i r s t  t r a n s i t i o n  s e r i e s  m e ta ls  w ere  t r e a t e d  w ith  an a c e to n e  
s o lu t i o n  o f  T in u v in  770 , and any changes i n  c h a r a c te r  o b s e rv e d . 
FeClg and CoCl^ p roved  to  be r e a d i l y  s o lu b le  i n  a c e to n e , and w ere  
u sed  i n  t h i s  way.
A ll s a l t s  u sed  w ere  o f  SLR g ra d e , and c o n ta in e d  w a te r  o f  
c r y s t a l l i s a t i o n .  A cetone was p u r i f i e d  by d i s t i l l a t i o n  and d ry in g  
w ith  c a lc iu m  c h lo r id e ;  w a te r  u sed  was d e m in e ra l is e d .
On m ix in g , th e  fo l lo w in g  o b s e r v a t io n s  w ere  made : -
1 . Ti ( I I I )  -  P u rp le  s o lu t i o n  w h ite  p r e c i p i t a t e
2 .  V (IV ) -  P a le  b lu e  s o lu t i o n  g rey /b ro w n  p r e c i p i t a t e
3 .  C r ( I I I )  -  B o t t l e  g re e n  s o lu t i o n  p a le  g re e n  p r e c i p i t a t e
4 . M n(II) -  P a le  p in k  s o l u t i o n  red /b ro w n  p r e c i p i t a t e
5 . F e ( I I )  -  P a le  g re e n  s o lu t i o n  d a rk  g re e n  p r e c i p i t a t e
w hich g r a d u a l ly  tu rn e d
brown /o ra n g e .
6 .  F e ( I I I )  -  Y ellow  s o lu t i o n  o ran g e  p r e c i p i t a t e
7 .  C o ( I I )  -  B lue s o lu t i o n  p a le  b lu e  p r e c i p i t a t e  w hich
s lo w ly  tu r n s  g re e n
8 . N i ( I I )  -  P a le  g re e n  s o lu t i o n  p a le  g re e n  p r e c i p i t a t e
9 .  C u (I)  -  I n s o lu b le  i n  w a te r  o r  a c e to n e
10. C u ( I I )  -  P a le  b lu e  s o lu t i o n  b lu e /g r e e n  p r e c i p i t a t e
11. Z n ( I I )  ~ I n s o lu b le  i n  w a te r  o r a c e to n e
In  each  o f  th e  above c a s e s  a  b lan k  e x p e rim e n t c o n s i s t in g  o f
/ I
a d d i t io n  o f  a c e to n e  o n ly  to  th e  aqueous s o lu t i o n s  was c a r r i e d  
o u t ,  w ith  no r e s u l t a n t  p r e c i p i t a t i o n .
From th e s e  o b s e rv a t io n s  i t  may be s e e n  t h a t  T in u v in  770 i s  
c a p a b le  o f  fo rm in g  a com plex, e x a c t  n a tu r e  u n d e te rm in e d , w ith  
t r a n s i t i o n  m e ta l io n s .  The d r a s t i c  c o lo u r  changes n o te d  i n  many
c a s e s  a l s o  i n d i c a t e  th e  a b i l i t y  o f  T770 to  o x id is e  th e  m e ta l io n s
t o  h ig h e r  o x id a t io n  s t a t e s ,  e x c e p t i n  th e  c a s e s  ( e .g .  C r, Ni)
w here such  s t a t e s  a r e  u n s ta b le ;  i n  some c a s e s  t h i s  change ta k e s  
p la c e  im m e d ia te ly , i n  o th e r s  t h e r e  i s  some d e la y .
H aving e s t a b l i s h e d  t h a t  some form  o f co m p le x a tio n  r e a c t i o n  
does o c c u r  , i t  was now n e c e s s a ry  to  i n v e s t i g a t e  t h i s  more f u l l y ,  
u s in g  p a r t i c u l a r  m e ta l io n s  a s  exam p les .
4 ;3 :2  I r o n  ( I I I )
B ecause o f  i t s  known p re s e n c e  i n  polym er sy s te m s , i r o n  was 
ch o sen  a s  th e  m ain  e le m en t t o  be i n v e s t ig a t e d .  F e ( I I I )  was
p a r t i c u l a r l y  c o n v e n ie n t,  i n  t h a t  i t s  c h lo r id e  d i s s o lv e s  r e a d i l y  
in  a c e to n e , th e re b y  b y p a ss in g  any p rob lem s w hich m ig h t a r i s e  from  
th e  s p e c t r o s c o p ic  s tu d y  o f  m ixed s o lv e n t  s o lu t i o n s .  Anhydrous 
FeClg was u se d  th ro u g h o u t th e  e x p e r im e n ta l  s e r i e s  ( F is o n s ,  SLR), 
a lth o u g h  co m p ariso n s  w ith  h y d ra te d  m a te r i a l  showed no d i f f e r e n c e s  
i n  t h e i r  b e h a v io u r . FeCl^ was d is s o lv e d  i n  a c e to n e  a t  c . 10"^
g  ««Ilmol dm" , and th e  a d d i t i v e  p r e s e n t  v a r ie d  from  2 x  10" -  5 x
10"^ mol dm"^, i n  m ost c a s e s .  A f te r  b e in g  a llo w e d  to  r e a c t ,  i n  
th e  d a rk , f o r  2 4 h r s ,  sam p les w ere  c e n tr i f u g e d  down and th e  c l e a r  
s o lu t io n s  r e c o v e re d . The r e a c t i o n  was fo llo w e d  on  a Unicam SP8 -  
150 S p e c tro p h o to m e te r , u s in g  th e  c h a r a c t e r i s t i c  F e ( I I I )  
a b so rb a n c e  a t  360nm.
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F i g u r e  4 . 1 5
Plot of A q /A for Fe(lll) 5oOnn absorbance vs, 
concentration of Tinuvin 770,
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V a rio u s  c o n c e n t r a t io n s  o f  T770 w ere d is s o lv e d  
i n  a  1 .13  10 mol dm a c e to n e  s o lu t i o n  o r  F eC l^ , and th e
s p e c t r a  o b ta in e d  a s  d e s c r ib e d  ab o v e . P l o t t i n g  th e  i n i t i a l  360nm 
a b so rb a n c e  d iv id e d  by a b so rb a n c e  a t  each  c o n c e n t r a t io n  v s  th e  
T770 c o n c e n t r a t io n ,  th e  p l o t  shown i n  F ig u re  4 .1 3  was o b ta in e d .
From t h i s  i t  i s  o b v io u s  t h a t ,  a t  a p p ro x . 2 m olar e q u iv a le n t s ,
T770 has  r e a c te d  w ith  v i r t u a l l y  a l l  th e  a v a i l a b l e  F e ( I I I )  in
s o lu t i o n ,  and d e p o s i te d  same a s  an  i n s o l u b l e  com plex.
b )_Chi mas so rb  944 In  a  s im i la r  e x p e rim e n t t o  th e  above ,
C944 gave e s s e n t i a l l y  th e  same r e s u l t ,  a lth o u g h  some d i f f i c u l t y
was e n c o u n te re d  i n  o b ta in in g  c l e a r  s p e c t r a ,  due to  th e  f i n e ,  
a lm o s t c o l l o i d a l ,  n a tu r e  o f  th e  p r e c i p i t a t e  r e s u l t i n g  from  th e  
r e a c t i o n .  A gain , a c c o rd in g  to  th e  s p e c t r o s c o p ic  e v id e n c e , th e  
m e ta l io n  i s  a lm o s t t o t a l l y  consumed by a p p ro x . 2 m olar
e q u iv a le n t s  o f  th e  HALS.
o ) 2 ,2 .6 ,6  -  T e tra m e th y lP ip e r id in e  On t r e a t i n g  sam p les  o f
th e  above w ith  FeCl^ /  a c e to n e  s o lu t i o n ,  i t  was n o te d  t h a t  no
p r e c i p i t a t e  o c c u re d . S p e c tro s c o p ic  e v id e n c e  shows t h a t  th e  
p ro d u c t o f  t h i s  r e a c t i o n  h a s  a  low  a b so rb a n c e  i n  th e  r e g io n  o f  
th e  F e ( I I I )  360nm peak , b u t e x h i b i t s  an  i n c r e a s i n g ,  though v e ry  
low , ab so rb a n c e  t a i l  above 400nm ( F ig u re  4 .1 4 ) .  T h e 'a d d i t io n  o f
low c o n c e n t r a t io n s  o f  TMP p ro d u c e s  a  s l i g h t  a t t e n u a t i o n  o r  th e  
360nm peak , w hich s u g g e s ts  a  change i n  e x t i n c t i o n  c o e f f i c i e n t .
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F ig u T ’ e 4 . 1 4
Variation of Fe(lll) ITV/Visilole absorption spectrum, 
with concentration of 2,2,6,6-tetramethylpiperidihe.
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F i g u r e  4 , 1 5
Plots of A q /A for Fe(lll) 560nra absorbance vs concentration of model gghindered amines.
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F i g u r e  4 , 1 6
Pl.ots of A / a  for Fe(lll) 360nn absorbance vs 
concentration of co..:niercial hindered amine light stabilisers.
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o )C om parison o f  Secondary  and  T e r t i a r y  Am laest. I t  h a s  been
n o te d  t h a t  t e r t i a r y  am ines can  be a s  e f f e c t i v e  s t a b i l i s e r s  i n  
polym er sy stem s a s  seco n d a ry  [ 4 8 ] ,  t h e r e f o r e  a  s e r i e s  o f  
e x p e rim e n ts  com paring  th e  a b i l i t y  o f se co n d a ry  and t e r t i a r y  
am ines to  com plex w ith  F e ( I I I )  w ere u n d e r ta k e n . F ig u re  4 ,1 5  
shows th e  c o m p a r it iv e  com plex ing  a b i l i t y  o f  th e  two model 
compounds, TMP and PMP ( b e a r in g  i n  mind t h a t  A^/A m easurem en ts a t  
h ig h  c o n c e n t r a t io n  may be a f f e c t e d  by th e  p ro d u c t  a b s o rb a n c e ) .  
The p l o t  shows th e  se co n d a ry  amine to  be th e  b e t t e r  com plex ing  
a g e n t ,  a lth o u g h  th e  d i f f e r e n c e  i n  th e  a b i l i t y  i s  e x a g g e ra te d  by 
th e  a x e s . PMP i s  s t i l l  an  e f f e c t i v e  m e ta l io n  sc a v e n g e r .
F ig u re  4 .1 6  shows a s i m i l a r  com parison  p l o t  f o r  T770 and
T292.
In  o r d e r  t o  show a  m ore d i r e c t  co m p ariso n  betw een  th e  
com plex ing  a b i l i t i e s  o f  d i f f e r e n t  HALS, a  te rm , 0^ d e n o tin g  
th e  c o n c e n t r a t io n  o f  HALS r e q u i r e d  t o  re d u c e  th e  360nm a b so rb a n c e  
to  h a l f  i t s  o r i g i n a l  i n t e n s i t y ,  i s  in v o k ed . R e s u l ts  f o r  th e  
seco n d a ry  and t e r t i a r y  amine com parison  e x p e r im e n ts  a r e  shown i n  
T ab le  4 .H . U sing t h i s  n u m e ric a l co m p ariso n  i t  may be se en  t h a t  
th e  a b i l i t y  o f  t e r t i a r y  and seco n d a ry  am ines t o  com plex w ith  
F e ( I I I )  i s  n o t a s  m arked ly  d i f f e r e n t  a s  th e  p l o t s  s u g g e s t .  
C o n s id e r in g  th e  g r e a t  d i f f e r e n c e  i n  r e l a t i v e  F e ( I I I )  /  HALS 
c o n c e n t r a t io n  betw een  o u r e x p e r im e n ts , and th e  s i t u a t i o n  i n  a 
po lym er system  c o n ta in in g  t r a c e  m e ta l im p u r i t i e s ,  t h i s  d i f f e r e n c e  
may n o t be im p o r ta n t .  The d i f f e r e n c e s  be tw een  th e  ^ v a lu e s  o f  
th e  com m ercial HALS and th e  model compounds may be due to  th e  
b i f u n c t io n a l  n a tu r e  o f  th e  HALS.
1
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TABLE U.H
Com plexing a b i l i t y  o f  h in d e re d  am ines d e n o te d  by C ^ '^ . I ro n  
c o n c e n t r a t io n  th ro u g h o u t e q u a l to  10“ ^ mol dm” ^ .
M in e . C^*^ (mol dra~^)
T in u v in  770 8 .5 0  10“ ^
T in u v in  292 1 .1 8  lO 'S
2 , 2 , 6 ,6 - T e t r a m e th y lp ip e r id in e 2 .3 0  10*3
1 , 2 , 2 , 6 ,6 - P e n ta m e th y lp ip e r id in e 3 .3 0  10"3
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F i g u r  e 4 , 1 7
Effect of addition of tBuOOH on the reaction 
between Pe(lll) and Tinuvin 770.
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e) Com plexing A d d itio n  o f
v a r io u s  c o n c e n t r a t io n s  o f  T770N0, to  a  s o lu t i o n  o f  F e ( I I I )  does 
n o t  have a m arked e f f e c t  on th e  U V /V is ib le  s p e c t r o s c o p ic  
c h a r a c t e r i s t i c s ,  s e rv in g  o n ly  to  s l i g h t l y  a t t e n u a t e  th e  peak  a t  
360nm. T h is  e f f e c t  may a g a in  be due to  a  change in  th e  
e x t i n c t i o n  c o e f f i c i e n t ,  w ith  a  p o s s ib l e  c o n t r i b u t i o n  due to  th e  
p a ra m a g n e tic  n a tu r e  o f  th e  r a d i c a l .  S im i la r  r e s u l t s  w ere 
o b ta in e d  u s in g  TMPC and C944NO,.
f ) E f f e c t  o f tBuOOH H aving a lr e a d y  q u e s tio n e d  th e  v a l i d i t y  
o f  a  s t a b i l i s a t i o n  m echanism  in v o lv in g  ROOH...HALS c o m p le x a tio n , 
and ta k in g  i n t o  a c c o u n t th e  e v id e n c e  f o r  ROOH.. a s s o c i a t i o n s  
[ 2 8 ] ,  i t  i s  now n e c e s s a ry  to  i n v e s t i g a t e  th e  e f f e c t  o f  th e  
a d d i t io n  o f  h y d ro p e ro x id e  to  th e  F e ( I I I )  -  HALS sy s te m .
-3A 1 .00  X 10 mol dm s o lu t i o n  o f  FeC l^ i n  a c e to n e  was
p re p a re d  and s p l i t  i n t o  t h r e e  p o r t i o n s ;  one b e in g  u sed  a s  a  
c o n t r o l  sam p le , and th e  o th e r s  c o n ta in in g  10~^ mol dm” ^ ,  and 5 x  
10**  ^ mol dm""  ^ tBuOOH r e s p e c t i v e ly .  E x p erim en ts  w ere  c a r r i e d  o u t  
a d d in g  a l i q u o t s  o f  th e s e  m ix tu re s  t o  v a ry in g  c o n c e n t r a t io n s  o f  
T in u v in  770 . The r e s u l t s  o b ta in e d  (F ig u re  4 .1 7 )  show t h a t  th e  
a d d i t io n  o f  tBuOOH h as  no e f f e c t  on th e  T770 -  F e ( I I I )  r e a c t i o n .
- _ I r o n  ( I I )
I t  h a s  b een  s u g g e s te d  by some a u th o r s  [1173 t h a t  F e ( I I )  i s  a  
much more im p o r ta n t  decom poser o f  ROOH th a n  F e ( I I I ) .  Looking a t  
th e  d e c o m p o s itio n  c y c le  a l r e a d y  c i t e d  [115] a t  th e  b e g in n in g  o f  
S e c t io n  4 :3  t h i s  w ould a p p e a r  t o  be l o g i c a l ,  t a k in g  i n t o  a c c o u n t 
th e  much lo w er bond en e rg y  o f  RO -  OH com pared t o  ROO -  H.
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M oreover, R ozan tsev  e t  a l  [118] have in t im a te d  t h a t  n i t r o x id e  
r a d i c a l s  can  com plex w ith  a  v a r i e t y  o f d iv a l e n t  t r a n s i t i o n  m e ta l 
s p e c ie s .  T aking  t h i s  e v id e n c e  i n t o  a c c o u n t, i t  was deemed 
im p o r ta n t  to  c a r r y  o u t a  s im i l a r  s e r i e s  o f  e x p e r im e n ts  to  th o s e  
d e s c r ib e d  above on F e ( I I ) .
I n  th e  c a se  o f  F e ( I I )  s o lu t i o n  phase  e x p e r im e n ts  we 
e n c o u n te re d  th e  p roblem  o f o b ta in in g  s t a b l e  s o l u t i o n s  o f  th e  
io n .  FeClg does n o t  d i s s o lv e  i n  a c e to n e , and i t s  aqueous 
s o lu t i o n s  r a p id ly  o x id is e  to  F e ( I I I ) .  I t  was fo u n d , a f t e r  some 
e x p e r im e n ta t io n , t h a t  ammonium f e r r o u s  s u lp h a te
((N H y)2Fe(80y)2 .6H 20; F is o n s ,  a .R ) would form  r e l a t i v e l y  s t a b l e  
s o lu t i o n s  i n  w a te r ,  and i t  was d e c id e d  to  u se  t h i s  m a te r i a l  in  
e x p e r im e n ts .
Approx. 2 X 10 ^ mol dm ^ s o lu t i o n s  o f  th e  F e ( I I )  s a l t  w ere  
made up i n  d e m in e ra l is e d  w a te r ,  f r e s h  s o l u t i o n s  b e in g  p re p a re d  
im m ed ia te ly  b e fo re  each  e x p e r im e n t. A cetone s o lu t i o n s  o f  HALS (4  
X 10 ^ -  10 ^ mol dm~^) w ere  p re p a re d . M ixing e q u a l p o r t io n s  o f  
each  s o lu t i o n  p ro d u ced  th e  r e a c t i o n  m ix tu re ,  and h a lv e d  th e  
c o n c e n t r a t io n s  t o  v a lu e s  com parab le  to  th o s e  u sed  i n  th e  p re v io u s  
s e c t i o n .  I n  a l lo w in g  th e  com ponents tim e  to  r e a c t ,  and any 
p r e c i p i t a t e  tim e  to  s e t t l e  o u t to  some e x te n t  b e fo re  
c e n t r i f u g a t i o n ,  t h e r e  was i n e v i t a b l y  some d e t e r i o r a t i o n  i n  th e  
F e ( I I )  a q u e o u s /a c e to n e  c o n t r o l  s o lu t i o n ,  t h e r e f o r e  s p e c t r a  te n d e d  
to  be ta k e n  a f t e r  o n ly  5 -  lO h rs  r e a c t i o n  t im e , i n  o r d e r  to  
m in im ise  t h i s .
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F i g u r e  4 . 1 8
Variation of Fe(ll) UV/Visible absorption spectrum with concentration of added Tinuvin 292,
(/)XDC
a  2 - 6 x 1 0 " ^ m o l  d m
b 6 - 9 x 1 0 “ ^ / I  t i
c 1 - 2 x 1 0 " ^ I t  n
d 2  0 x 1 0 " ^ t i  t*
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A ttem p ts w ere  made to  fo l lo w  th e  r e a c t i o n  u s in g  U V /V is ib le  
a b s o rp t io n  s p e c tro s c o p y , b u t  th e s e  w ere  g e n e r a l ly  n o t
p a r t i c u l a r l y  u s e f u l .  F e ( I I )  do es  n o t have  a  d i s t i n c t  UV 
ab so rb a n c e  l i k e  F e ( I I I ) ,  and v e ry  f in e  p r e c i p i t a t e s  p lu s
i n s t a b i l i t y  o f  F e ( I I )  s o l u t i o n s  a l s o  c o n t r ib u te d  to  th e s e  
d i f f i c u l t i e s .  C lo se  o b s e r v a t io n  o f  th e  r e a c t i o n s  r e v e a le d  
b e h a v io u r  o f r e le v a n c e  to  th e  s t a b i l i s i n g  a b i l i t y  o f  HALS.
a ) H indered  Amines On a d d in g  th e  aqueous F e ( I I )  s o lu t i o n  to  
a c e to n e  s o lu t i o n s  c o n ta in in g  v a r io u s  c o n c e n t r a t io n s  o f  T in u v in  
770 , a  d a rk  g re e n  c o lo u r  was i n i t i a l l y  o b se rv e d , i n t e n s i t y  
i n c r e a s in g  w ith  in c r e a s in g  c o n c e n t r a t io n  o f  T770. A f te r  a  few
se c o n d s , th e  s o lu t i o n s  tu rn e d  y e llo w  /  o ran g e , and w i th in  1min an
o ran g e  p r e c i p i t a t e  a p p e a re d .
P r a c t i c a l l y  i n d i s t i n g u i s h a b l e  b e h a v io u r was n o ted  f o r  
T in u v in  292 , and th e  r e l e v a n t  s p e c t r a  f o r  t h i s  e x p e rim en t a r e  
shown i n  F ig u re  4 .1 8  as  r e p r e s e n t i t i v e  o f th e  F e ( I I )  -  HALS 
r e a c t io n .
A d d itio n  o f  aqueous F e ( I I )  s o lu t i o n  to  a c e to n e  s o lu t io n s  o f 
TMP gave th e  same b a s ic  r e s u l t  a s  above. However, some 
d i f f e r e n c e s  w ere  n o te d  i n  th e  lo n g e r  term  b e h a v io u r . A f te r  
a p p ro x im a te ly  2m in, t e s t  sam p les  showed d e f i n i t e  fo rm a tio n  o f  a 
p r e c i p i t a t e  ( c f . F e ( I I I )  -  TMP r e a c t i o n )
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b ) N itro x id e  R a d ic a ls  V ary in g  c o n c e n t r a t io n s  o f  TMPO w ere  
t r e a t e d  i n  a  s im i l a r  m anner to  th e  abo v e , and i t  was n o te d  t h a t ,  
i n  c o n t r a s t  to  th e  F e ( I I I )  e x p e r im e n ts , a  s m a ll  amount o f 
p r e c i p i t a t e  was o b se rv e d  t o  form  i n  th e  t e s t  sam p les . 
S p e c tro s c o p ic  a n a ly s e s  showed a s l i g h t  lo w e rin g  o f  th e  o v e r a l l  
a b so rb a n c e  f o r  sam p les  c o n ta in in g  a low c o n c e n t r a t io n  o f  th e  
r a d i c a l ,  b u t a  v e ry  b ro ad  a b so rb a n c e  c e n t r in g  on 440nm, due to  
th e  r a d i c a l ,  was n o te d  i n  sam p les  c o n ta in in g  h ig h  c o n c e n t r a t io n s  
o f  TMPO.
o )E f f e c t  o f H y d ro p ero x id e  A d d itio n  o f  tBuOOH to  a s o lu t i o n  
o f  F e ( I I )  r a p id ly  o x id i s e s  th e  io n  to  F e ( I I I ) .  D is s o lv in g  tBuOOH 
i n  an  a c e to n e  s o lu t i o n  o f  T770 and th e n  a d d in g  th e  aqueous F e ( I I )  
s o l u t i o n  d id  n o t  a p p e a r  t o  in d u c e  any changes i n  th e  n a tu r e  o r 
r a t e  o f  th e  r e a c t i o n ,  a lth o u g h  th e  l a c k  o f  good s p e c t r o s c o p ic  
e v id e n c e  p r e v e n ts  any d e f i n i t e  s ta te m e n t  on th e  s u b je c t .
- 4 ; 4  O ther T ran s i t i o n  M e ta ls
a ) C o b a lt  ( I I )  C o b a lt  c h lo r id e  (CoCl^.ôH^O; F is o n s ,  SLR) i s  
r e a d i ly  s o lu b le  i n  a c e to n e , p ro d u c in g  a  deep  b lu e  s o lu t i o n .  
U V /V is ib le  a b s o r p t io n  s p e c tro s c o p y  r e v e a l s  peaks a t  676 and 
576nm, and a  p ronounced  s h o u ld e r  a t  c.634nm . L ying a s  i t  d o e s , 
a d ja c e n t  to  i r o n  i n  th e  f i r s t  t r a n s i t i o n  s e r i e s ,  arid r e v e r s in g  
th e  s t a b i l i t y  o f  i t s  o x id a t io n  s t a t e s  (C o ( I I )  s t a b l e ,  F e ( I I I )  
s t a b l e ) ,  i t  was th o u g h t t o  be o f  i n t e r e s t  t o  u n d e r ta k e  a s h o r t  
i n v e s t i g a t i o n  i n t o  th e  e f f e c t  o f  HALS on th e  c o b a l t  io n .
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Figure 4*19 
Plot of A / a  for Co(ll) 676nm absorbance vs, 
concentration of various additives.
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U sing  a s im i l a r  e x p e r im e n ta l  p ro c e e d u re  to  t h a t  d e s c r ib e d  
f o r  F e ( I I I ) ,  a l i q u o t s  o f  a  1 .0 2  x  10"^ mol dm~^ s o lu t i o n  o f  
C o ( I I )  w ere added to  v a ry in g  am ounts o f  T770, T292, T770N 0., and
TMPC. A p a le  b lu e  p r e c i p i t a t e  r e s u l t e d ,  and th e  s p e c t r a  o f  th e  
c l e a r  s o lu t i o n s  re m a in in g  a f t e r  c e n t r i f u g a t i o n  gave th e  d a ta  
p l o t t e d  a s  F ig u re  4 .1 9 .  I t  was n o te d  t h a t ,  i n  th e  c a se  o f  
C o ( I I ) ,  a d d i t io n  o f  a  HALS c a u s e s  a  re d  s h i f t  o f  th e  e n t i r e
sp ec tru m  by some I8nm. T h is  a p p e a rs  t o  be a  g e n u in e  e f f e c t  on
th e  C o (I I )  a b s o r p t io n  sp ec tru m  i t s e l f ,  and n o t  due to  p ro d u c t;  i n  
c o n seq u en ce , th e  /  A v s  [HALS] p l o t  i s  p roduced  w ith  A  ^ a t
676nm, and A m easured  a t  694nm. v a lu e s ,  c a lc u la t e d  from
F ig u re  4 .1 9 ,  a r e  1 .44  x  10“ ^ mol dm"^, and 2 .2 4  x  10~^ mol dm” ^ 
f o r  T770 and T292 r e s p e c t i v e ly .  I t  w i l l  a l s o  be n o ted  t h a t  th e
a d d i t io n  o f  h ig h e r  c o n c e n t r a t io n s  o f  HALS does n o t  le a d  to  a
co m p le te  d is a p p e a ra n c e  o f  th e  C o ( I I )  a b s o rb a n c e , b u t a p p e a rs  from  
th e  p l o t  t o  r e a c h  a  p l a t e a u  l e v e l  o f r e s id u a l  f r e e  C o ( I I ) .
A d d it io n  o f  TMPO and T770NO,, up t o  a  r a t i o  o f  5 m olar 
e q u iv a l e n t s ,  does n o t  s i g n i f i c a n t l y  a l t e r  th e  s p e c t r a l
c h a r a c t e r i s t i c s  o f  th e  C o ( I I )  s o lu t i o n .
On a llo w in g  th e  sam p les to  s ta n d ,  i n  th e  d a rk , f o r  4 8 h rs , i t  
was o b se rv e d  t h a t  some o f  th e  b lu e  p r e c i p i t a t e  had changed  c o lo u r It o  a  g r e e n is h  -  b lu e  sh a d e , i n d i c a t i v e  o f  a  slow  change i n
o x id a t io n  s t a t e  o f C o ( I I )  t o  C o ( I I I ) .  P e rh ap s  t h i s  much s lo w e r i
Ic o n v e rs io n  to  th e  h ig h e r  o x id a t io n  s t a t e ,  due to  th e  g r e a t e r  3
s t a b i l i t y  o f  C o ( I I ) ,  can  e x p la in  th e  d i f f e r e n c e s  i n  c o m p le x a tio n  
b e h a v io u r  e x h ib i te d  by i r o n  and c o b a l t .
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b ) Ruthenium  ( I I I )  H aving e s ta b l i s h e d  th e  g e n e r a l i t y  o f th e  
HALS -  r e a c t i o n  f o r  th e  f i r s t  t r a n s i t i o n  s e r i e s ,  a  f i n a l  
e x p e rim e n t was c a r r i e d  o u t to  t e s t  th e  a b i l i t y  o f  HALS to  com plex 
w ith  th e  l a r g e r  t r a n s i t i o n  m e ta ls  o f  th e  second  row . Ruthenium , 
b e in g  th e  second  row an a lo g u e  o f i r o n ,  was c h o sen  a s  a 
r e p r e s e n t a t i v e  e le m e n t.
RuClg (A ld r ic h )  d i s s o lv e s  r e a d i l y  i n  a c e to n e . 9 .9 8  X 10“ ^ 
mol dm"^ R u ( I I I )  i n  a c e to n e  p roduced  a  deep w ine s o lu t i o n  w h ich , 
u n d er U V /V is ib le  a b s o r p t io n  s p e c t r o s c o p ic  a n a l y s i s ,  showed a 
d i s c r e t e  peak a t  406nm, w hich was used  to  fo llo w  th e  su b se q u e n t 
r e a c t i o n .
A d d itio n  o f  a l i q u o t s  o f  th e  s o lu t i o n  to  v a r io u s  am ounts o f  
T770 showed t h a t  a  r e a c t i o n  do es  in d e e d  ta k e  p la c e ;  a  f a d in g  o f  
th e  c o lo u r  to  a  more y e l lo w is h  shade o c c o u re d , accom panied by a 
v e ry  f in e  d a rk  g re e n  /  b la c k  p r e c i p i t a t e .  C e n t r i f u g a t io n  f a i l e d  
t o  e l im in a te  t h i s  p r e c i p i t a t e  i n  m ost c a s e s ,  and hence on ly  
sam ples c o n ta in in g  th e  lo w e s t  and h ig h e s t  c o n c e n t r a t io n s  o f  T770 
w ere c a p a b le  o f  b e in g  s p e c t r o s c o p i c a l ly  a n a ly s e d  (F ig u re  4 .2 0 ) .  
These o b s e rv a t io n s  c o n firm  t h a t  a  c o m p le x a tio n  r e a c t i o n  does 
o c c u r .
R u ( I I I )  i s  known to  form  com plexes w ith  am ines , and th e s e  
ten d  to  be brown o r  g re e n  i n  c o lo u r  [1 1 9 ] ,  w h ile  Ru(IV) i s  
u n s ta b le  w ith  r e s p e c t  t o  R u ( I I I ) .
.4; 3.; 5 CQnoIngipn^
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F i g u r e  4 . 2 0
Variation of Hu(lll) UV/Visible absorption spectrum ^vith concentration of added Tinuvin 
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T r a n s i t i o n  m e ta l  i m p u r i t i e s  i n  t r a c e  am ounts , such a s  have  
been  shown t o  e x i s t  i n  m a n u fa c tu re d  p o l y o l e f i n s  [5 3 ,  a r e  known t o  
cau se  enhancem ent o f  a u t o x i d a t i o n  i n  h y d ro c a rb o n  sy s tem s  
[26 ,1173* T his  can  be cau sed  by th e  a b i l i t y  o f  m e ta l  i o n s  o f  
v a r i a b l e  v a le n c e  t o  e n t e r  i n t o  a  red o x  c y c le  w i th  h y d ro p e ro x id e
[115] t o  p roduce  r a d i c a l s  w hich can  th e n  a b s t r a c t  hyd rogen  from 
th e  s u b s t r a t e  t o  c o n t in u e  th e  a u t o x i d a t i o n  p r o c e s s ,  o r  by 
a b s o r p t i o n  and t r a n s f e r  o f  energy  from e l e c t r o n i c a l l y  e x c i t e d  
s t a t e s  o f  th e  t r a n s i t i o n  m e ta l  s p e c i e s .
We have shown i n  t h i s  s e c t i o n  t h a t  HALS have th e  a b i l i t y  to  
complex s t r o n g l y  w ith  such  s p e c i e s .  W hile , due to  e i t h e r  
p r e c i p i t a t i o n  o f  p ro d u c t  o r  j u x t a p o s i t i o n  o f  p ro d u c t  and r e a c t a n t  
a b s o rb a n c e s ,  i t  i s  n o t  p o s s i b l e  to  c a l c u l a t e  m ea n in g fu l  
a s s o c i a t i o n  c o n s t a n t s ,  th e  e v id e n c e  p r e s e n te d  s u g g e s t s  t h a t  t h e s e  
w i l l  be h ig h .
The i n t e r c o n v e r s i o n  o f  o x i d a t i o n  s t a t e s  a l s o  b ro u g h t  a b o u t  
by HALS has  a n  im p o r ta n t  b e a r in g  on th e  e f f i c i e n c y  o f  any m eta l  
c a t a l y s e d  breakdown o f  ROOH, a s  i t  w i l l  g r e a t l y  a f f e c t  t h e  redox  
c y c l e .
5 . DIFFUSION EFFECTS 
5 * 1 A d d i t iv e s  and I m p u r i t i e s
We have a l r e a d y  n o te d ,  when c o n s id e r in g  th e  p o s s i b i l i t y  o f  
HALS t a k in g  p a r t  i n  a s s o c i a t i o n  r e a c t i o n s  w i th  v a r i o u s  i m p u r i t i e s  
i n  a  polymer m a t r ix ,  th e  problem  o f  m o b i l i t y  o f  such  compounds, 
i . e .  t h e i r  a b i l i t y  to  d i f f u s e  th ro u g h  a po lym er . W hile  i t  may 
be c o n je c tu r e d  t h a t  such d i f f u s i o n  m igh t become a s i g n i f i c a n t  %
f a c t o r  i n  t h e  m e l t  p h a se ,  i t  m ig h t  a l s o  be c o n s id e r e d  t h a t  
a s s o c i a t i o n s  o f  th e  type  e n v is a g e d ,  n o t  i n v o lv in g  f u l l  chem ica l
bond fo rm a t io n ,  would be hampered by th e  h ig h  te m p e ra tu re ;
t h e r e f o r e  th e  p r o c e s s  o f  d i f f u s i o n ,  p a r t i c u l a r l y  i n  t h e  c o n te x t
o f  p h o t o - o x i d a t i o n ,  has  t o  be examined a t  low er  t e m p e r a tu r e s .
D i f f u s i o n  c o e f f i c i e n t s  a r e  found t o  be d e p e n d en t  on
te m p e r a tu r e ,  p o ly m e r .m orphology, and c o n c e n t r a t i o n  o f  d i f f u s a n t  
[393* As th e  l a t t e r  f a c t o r  on ly  te n d s  to  a p p ly  a t  h ig h  a d d i t i v e  
c o n c e n t r a t i o n ,  i t  can be n e g le c te d  i n  t h e  c a s e  o f  polymer
s t a b i l i s e r s .  The d i f f u s i o n  c o e f f i c i e n t  i t s e l f  i s  e x p re s s e d  i n  
te rm s  o f  an a c t i v a t i o n  en e rg y  i n  th e  form o f  t h e  A rrh e n iu s  
e q u a t io n  [120] D = expC-E^ /  RT), w here i s  p r o p o r t i o n a l  
t o  t h e  s q u a re  o f  th e  m o le c u la r  d ia m e te r  o f  th e  d i f f u s i n g
m o le c u le ;  and E^ i s  p r o p o r t i o n a l  to  th e  m o la r  volume o f  th e  
d i f f u s i n g  s p e c i e s ,  and i s  r e l a t e d  t o  th e  polymer m orphology.
B i l l in g h a m  and W alker [39]  have  shown t h a t  t h e  m o le c u la r
w e ig h t  o f  t h e  s t a b i l i s e r  w i l l  have a  p ro found  e f f e c t  on th e  
d i f f u s i o n  c o e f f i c i e n t .  Using r e s u l t s  q u o ted  f o r  d i f f u s i o n  o f  
2 -h y d ro x y -4 -  oc tadecoxybenzophenone  i n  i s o t a c t i c  p o l y ( p r o p y le n e ) ,  
i t  i s  p o s s i b l e  t o  o b t a i n  an  a p p ro x im a t io n  o f  t h e  d i f f u s i o n
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b e h a v io u r  o f  T in u v in  770, th e  two compounds h a v in g  v i r t u a l l y  th e  
same m o le c u la r  w e ig h t .  U sing t h i s  d a t a  i n  th e  above A r rh e n iu s
e q u a t io n ,  and t a k i n g  th e  te m p e ra tu re  t o  be 298K, a v a lu e  ' o f
1 .5 x 1 0 " ^ ^  cm^ s*"  ^ was o b t a in e d  f o r  th e  d i f f u s i o n  c o e f f i c i e n t .
The im p o r ta n c e  o f  d i f f u s i o n  by a s t a b i l i s e r  i n  i t s  
p h o t o p r o t e c t i v e  r o l e  h a s  y e t  to  be c o n v in c in g ly  d e m o n s t ra te d .  
Oxygen h a s  a  d i f f u s i o n  c o e f f i c i e n t  o f  c .1 0  ^ cm^ s   ^ a t  298K i n  
h ig h  d e n s i t y  p o l y ( e t h y l e n e )  [ 1 2 1 ] ;  th e  l a r g e  d i f f e r e n c e  betw een 
t h i s  and t h a t  o f  th e  s t a b i l i s e r  m igh t be o f f s e t  by a h ig h
c o n c e n t r a t i o n  o f  s t a b i l i s e r  i n  t h e  sys tem  [ 1 2 2 ] ,  b u t  we have 
a l r e a d y  s t a t e d  t h a t  HALS, and p a r t i c u l a r l y  th e  n i t r o x i d e  r a d i c a l s  
which a r e  l i a b l e  to  be a c t i v e  i n  th e  r a d i c a l  s c a v e n g in g  r o l e ,  a r e  
p r e s e n t  i n  v e ry  low c o n c e n t r a t i o n .  Even ty p e s  o f  s t a b i l i s e r  
which a r e  used  i n  h i g h e r  c o n c e n t r a t i o n  (1 ~ 5 wt%) show l i t t l e  o r  
no change i n  s t a b i l i s i n g  a b i l i t y  i n  g o in g  from th e  f r e e  a d d i t i v e  
t o  co p o ly m e r ised  s p e c i e s  [ 1 2 3 ,1 2 4 ,1 2 5 ] .  S t a b i l i s e r s  ten d  to  
a c cu m u la te  i n  th e  amorphous z o n e s  o f  a  polym er m a t r ix ,  and t h i s  
may i n c r e a s e  th e  o p e r a t i o n a l  c o n c e n t r a t i o n  o f  s t a b i l i s e r  i n  t h e s e  
p h o t o - o x i d a t i o n  s e n s i t i v e  r e g i o n s .
A nother f a c t o r  w hich must be c o n s id e r e d  a lo n g  w i th  t h i s  
a rgum en t,  i s  t h e  c o r a p a ta b i l i t y  o f  a  s t a b i l i s e r  w i th  th e  polymer 
m a t r ix  i t  has  been  " a s s ig n e d "  t o  p r o t e c t .  B a in  [126] h a s  n o te d
t h a t  a n t i o x i d a n t  and UV s t a b i l i s e r  e f f e c t i v e n e s s  may depend n o t  
o n ly  on ch em ica l  b e h a v io u r ,  b u t  a l s o  on th e  s o l u b i l i t y  and 
d i f f u s i v i t y  o f  a  s t a b i l i s e r .  The same a u th o r  [127] n o te d  t h a t  
t h e  e q u i l i b r i u m  s o l u b i l i t y  o f  b i s p h e n o l  ty p e  s t a b i l i s e r s  i n  
p o l y ( e t h y le n e )  i s  o n ly  o.2% o f  t h e  o r i g i n a l  f o r m u la t io n  d o sage . 
S o l u b i l i t y  a l s o  d e c r e a s e s  w i th  i n c r e a s i n g  m o le c u la r  w e ig h t .
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A c tu a l  p h y s ic a l  l o s s  o f  a d d i t i v e  from a polymer sam ple  can  be a 
s e r i o u s  p rob lem , and C a l v e r t  and B i l l in g h a m  have made c a r e f u l  
a t t e m p t s  t o  e x p l a i n  th e  s i g n i f i c a n c e  of- such  phenomena [393» and 
t o  p roduce  a  t h e o r e t i c a l  model [ 4 0 ] .  As y e t  t n e r e  h a s  been  no 
s tu d y  o f  th e  d i f f u s i o n  b e h a v io u r  o f  h in d e re d  am ines  r e p o r t e d  i n  
t h e  l i t e r a t u r e .  Tozz i e t  a l  [128] have shown t h a t  T770 has  low 
c o m p a t a b i l i t y  w i th  p o l y ( p r o p y l e n e ) , and i s  e a s i l y  l e e c h e d  from 
f i b r e  and f i l m  sam p les ;
p o l y ( 2 , 2 , 6 , 6 - t e t r a m e t h y l - 4 - p i p e r i d y l a m i n o t r i a z i n e ) ,  however, i s  
v e ry  oom patab le  and p e r s i s t e n t  i n  p o l y ( p r o p y le n e ) .
In  th e  c a s e  o f  h ig h  iîW s t a b i l i s e r s ,  th e  above o b s e r v a t io n s  
would seem to  s u g g e s t  t h a t  s t a b i l i s e r  d i f f u s i o n  to  an  a c t i v e  s i t e  
w i l l  be a  v e ry  slow  p r o c e s s .  On th e  o t h e r  hand , i t  m igh t be t h a t  
th e  a c t i v e  s i t e  o r  im p u r i ty  may d i f f u s e  tow ards  t h e  s t a b i l i s e r ,  
o r  some compromise s i t u a t i o n .  The h y d ro p e ro x id e s  p r e s e n t  i n  a  
p o l y o l e f i n  a r e  t h e r e  a s  a  r e s u l t  o f  o x i d a t i o n  o f  t h e  h y d ro ca rb o n  
s u b s t r a t e  and a r e  t h e r e f o r e  a t t a c h e d  t o  t h e  polymer backbone. 
The movement o f  th e s e  s p e c i e s  w i t h i n  th e  m a t r ix  w i l l  be v e ry  
l i m i t e d ,  t h e i r  "volume o f  freedom " b e in g  r e s t r i c t e d  by th e  random 
c o i l  m otion  o f  t h e  polym er c h a in .  Even a t  r e l a t i v e l y  e l e v a t e d  
t e m p e r a tu r e s ,  th e  m o b i l i t y  o f  a  p o ly m e r ic  h y d ro p e ro x id e  w i l l  be 
s t r i c t l y  l i m i t e d .  T h is ,  co u p led  w i th  t h e  low i n i t i a l  
c o n c e n t r a t i o n s  o f  such  s p e c i e s  [ 1 1 4 ] ,  would make i t  e x tre m e ly  
u n l i k e l y  f o r  them t o  d i f f u s e  tow ards  a s t a b i l i s e r  m o le c u le .  On 
th e  o t h e r  hand, f r e e  t r a n s i t i o n  m e ta l  i m p u r i t i e s  a r e  v e ry  s m a l l ,  
m o b i le ,  s p e c i e s ,  and we have a l r e a d y  shown t h e t  t h e  d i f f u s i o n  
c o e f f i c i e n t  o f  a  s p e c i e s  i s  d ep en d en t  on i t s  m o le c u la r  w e ig h t  and 
m o le c u la r  volume. I t  i s  c o n c e iv a b le  th e n  t h a t  m e ta l  s p e c i e s  can  
d i f f u s e  r a p i d l y  th ro u g h  th e  polymer m a t r ix  to  e n c o u n te r  and r e a c t
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w i th  HALS.
T h is  b r i e f  su rv e y  o f  th e  d i f f u s i n g  a b i l i t y  o f  a d d i t i v e s  and 
i m p u r i t i e s ,  co u p le d  w i th  th e  e v id e n c e  p ro v id e d  i n  t h e  p r e v io u s  
c h a p te r ,  makes a s t r o n g  c a s e  f o r  th e  m e ta l  io n  -  HALS 
c o m p le x a t io n  b e in g  an im p o r ta n t  p h o t o s t a b i l i s i n g  mechanism.
5 ; Z .Oxygen T h e o r e t i c a l  M odel.
5 :2 :1  I n t r o d u c t i o n
I n  th e  p r e v io u s  s e c t i o n  we b r i e f l y  lo o k ed  a t  t h e  a b i l i t y  o f .  
i m p u r i t i e s  and a d d i t i v e s  t o  d i f f u s e  th ro u g h  a polym er m a t r ix ,  and 
i t  was s e e n  t h a t  i m p u r i t i e s  such  a s  h y d ro p e ro x id e s  and c a r b o n y l s ,  
which a r e  a t t a c h e d  to  t h e  polym er backbone, were u n l i k e l y  t o  be 
m o b ile  t o  any a p p r e c i a b l e  e x t e n t .  I t  was a l s o  n o te d ,  by 
com parison  w i th  o t h e r  s t a b i l i s e r  s p e c i e s  o f  s i m i l a r  m o le c u la r  
w e ig h t ,  t h a t  HALS would be u n l i k e l y  t o  d i f f u s e  t o  im p u r i ty  s i t e s
r a p i d l y  enough f o r  t h i s  t o  be an  e f f e c t i v e  c o n t r i b u t o r  to  t h e
s t a b i l i s i n g  mechanism. I n  th e  c a se  o f  0^ however, we a r e  d e a l i n g  
w i th  a  v e ry  d i f f e r e n t  s i t u a t i o n .  The sm a l l  m o le c u la r  d ia m e te r  
and r e a c t i v e  n a t u r e  o f  oxygen make i t  a  h i g h ly  m ob ile  and 
e f f e c t i v e  sc a v e n g e r  o f  a l k y l  r a d i c a l  s i t e s ,  hence  e s t a b l i s h i n g  
t h e  a u t o x i d a t i o n  c y c le .
A lthough Og w i l l  r a p i d l y  d i f f u s e  th ro u g h  a p o l y o l e f i n ,  t h e r e  
w i l l  be c e r t a i n  s i t u a t i o n s  i n  w hich th e  r a t e  o f  d i f f u s i o n  w i l l
become im p o r ta n t  to  t h e  o v e r a l l  o x i d a t i o n  k i n e t i c s .  For
i n s t a n c e ,  i n  a  t h i c k  polym er f i l m ,  n e a r  t h e  c e n t r e  o f  th e  sam ple , 
t h e r e  may occu r  a  s i t u a t i o n  i n  w hich th e  oxygen p r e s e n t  i s  b e in g  
consumed i n  a  chem ica l  r e a c t i o n  f a s t e r  th a n  i t  i s  d i f f u s i n g  from 
t h e  o u t s i d e  a tm o sp h e re  t o  t h e  r e a c t i v e  s i t e s ;  i n  t h i s  c a s e  th e
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d i f f u s i o n  o f  0^ becomes th e  r a t e  d e te r m in in g  s t e p  o f  t h e  ^
o x i d a t i o n  r e a c t i o n .
A number o f  t h e o r e t i c a l  m odels  have  been d e v e lo p e d  to  r e l a t e  
t h e  e f f e c t s  o f  oxygen d i f f u s i o n  and f i l m  th i c k n e s s  t o  th e  r a t e  of 
o x i d a t i o n  o f  a  p o l y o l e f i n  [129»130,131 » 1 3 2 ] ,  b u t  on c l o s e r  
i n s p e c t i o n ,  each  o f  t h e  l i t e r a t u r e  m odels a p p e a r s  to  s u f f e r  from 
one o r  bo th  of  two m ajo r  d i s c r e p e n c i e s : -
a )  Even though i t  i s  g e n e r a l l y  assumed t h a t  t h e  r a t e  o f  0^ 
a b s o r p t i o n  i s  d i f f u s i o n  c o n t r o l l e d  from th e  f i l m  s u r f a c e  
[ 1 3 0 ,1 3 2 ] ,  i t  i s  a l s o  a g re e d  t h a t ,  i n  th e  c a s e  o f  t h i n  f i l m s ,  th e  
r a t e  i s  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  f i l m  t h i c k n e s s .  The r a t e  i n  
t h i s  l a t t e r  c a se  i s  th u s  c o n s id e r e d  t o  be in d e p e n d e n t  o f  
d i f f u s i o n  e f f e c t s .  An e x p l a n a t i o n  o f  t h i s  a p p a r e n t  p a rad o x  i s  
r e q u i r e d .
b) The d i f f u s i o n  e f f e c t s  i n h e r e n t  i n  a  po lym er f i l m  a r e  
g e n e r a l l y  e x p re s s e d  by a  d i f f e r e n t i a l  e q u a t io n  a c c o r d in g  t o  
P i c k ' s  law s  o f  d i f f u s i o n  [ 1 3 3 ] .  The s o l u t i o n  t o  t h i s  e q u a t i o n  i s  
d e te rm in e d  by a p p ly in g  s u i t a b l e  i n i t i a l  and f i n a l  boundary 
c o n d i t i o n s  r e l e v a n t  t o  t h e  prob lem  under  c o n s i d e r a t i o n .  (The u se  
o f  L a p lac e  t r a n s f o r m a t i o n  o f t e n  makes a s o l u t i o n  p o s s i b l e  i n  a  
s t r a i g h t f o r w a r d  w a y . ) .  I n  a p p ly in g  t h e s e  boundary  c o n d i t i o n s ,  
most a u th o r s  [ 129»130,131 » 132] s e t  t h e  i n i t i a l  c o n d i t i o n  t h a t  a t  
t im e  z e ro  th e  c o n c e n t r a t i o n  o f  0^ i n  t h e  sam ple  f i l m  i s  z e r o ,  
i . e .  u n t i l  t h e  e x p e r im e n t  b e g in s  t h e r e  i s  no oxygen i n  th e  
sam ple .  T h is  i s  c l e a r l y  n o t  t h e  c a se  i n  t h e  p r a c t i c a l  s i t u a t i o n  
o f  an o x i d i s i n g  polym er f i l m ;  i n  t h i s  c a se  one would e x p e c t  t h e r e  
t o  be an  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  0^ th ro u g h o u t  t h e  f i l m
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b e f o r e  th e  o x i d a t i o n  r e a c t i o n  commences.
The model c o n s id e r e d  i n  t h e  f o l l o w in g  t h e o r e t i c a l  a n a l y s i s  
o f  th e  problem  i s  t h a t  o f  oxygen d i f f u s i n g  i n t o  a  s o l i d  polymer 
f i l m ,  and b e in g  consumed by a f i r s t  o r d e r  or pseudo -  f i r s t  o r d e r  
chem ica l  r e a c t i o n .  I f  a  t h i c k  f i l m  i s  c o n s id e r e d  a s  b e in g  
s y m m e tr ic a l  abou t  t h e  m id p o in t ,  th e n  i t  i s  p ro p o se d  t h a t  t h e r e  
a r e  two z o n e s ;  a  d i f f u s i o n  f r e e  zone a t  th e  s u r f a c e  (b o th  f a c e s  
o f  th e  f i l m ) , b e n e a th  which a d i f f u s i o n  c o n t r o l l e d  zone e x te n d s  
t o  th e  m id p o in t  o f  th e  sam ple t h i c k n e s s .  T h is  can  be s e e n  more 
c l e a r l y  as  d e s c r ib e d  below , and i n  F ig u r e  5 .1 .
1) Thin  f i l m  -  I n  t h i s  c a s e  we have a  f i l m  o f  t h i c k n e s s  L 
i n  which d i f f u s i o n  o f  0^ i s  n o t  a  l i m i t i n g  f a c t o r  on th e  
o x i d a t i o n  r e a c t i o n .
2) L im i t  f i l m  -  Here we i n t r o d u c e  a  new term  "L". T h is  i s  
d e f i n e d  a s  t h e  L im i t in g  T h ic k n ess  o f  a  po lym er f i l m ,  and r e f e r s  
t o  th e  maximum t h i c k n e s s  a  sam ple  can  a t t a i n  b e f o r e  0_ d i f f u s i o n  
e f f e c t s  b e g in  t o  m a n i f e s t  th e m s e lv e s  i n  th e  m a th e m a t ic a l  model o f  
t h e  o x i d a t i o n  r e a c t i o n .  A f u l l  d e r i v a t i o n  o f  t h e  m a th e m a t ic a l  
c o n c e p t  o f  L i s  g iv e n  l a t e r  i n  t h e  c h a p te r .
3) T h ick  f i l m  -  The t h i c k n e s s  o f  th e  f i l m  h a v in g  re a c h e d  a 
v a lu e  g r e a t e r  th a n  L, we now have a volume i n  t h e  c e n t r e  o f  th e  
f i l m  where d i f f u s i o n  o f  oxygen t o  r e a c t i v e  s i t e s  i s  th e  r a t e  
d e te r m in in g  s t e p  o f  th e  o x i d a t i o n  r e a c t i o n .  The boundary 
c o n d i t i o n s  used  ( s e e  S e c t i o n  5 : 2 :3 )  mean t h a t  we m easu re  th e  
v a r i o u s  r e a c t i o n  p a ra m e te r s  ( co n c .  0^, r a t e ,  e t c . )  from th e  f i l m  
s u r f a c e  to  i t s  m i.dpoint t h e r e f o r e  we d e f i n e  th e  d i f f u s i o n
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F i g u r e  5*1
Schematic representation of definition of Limiting Thickness, L,
a ) L T H I N
b) L
L I M I T
c) T L.1
I T H I C K
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c o n t r o l l e d  zone a s  e x te n d in g  from th e  bottom  o f  th e  d i f f u s i o n  
f r e e  zone (L /2 )  t o  t h e  c e n t r e  o f  th e  f i l m ,  and t h i s  i s  a s s ig n e d  
t h e  v a lu e  " s " .  T h is  em phasis  on th e  symbols u se d  t o  d e f i n e  t h e  
d i f f e r e n t  z o n es  o f  th e  f i l m  i s  n e c e s s a ry  s in c e  t h e  m a th e m a t ic a l  
model which f o l lo w s  w i l l  d e a l  w i th  th e s e  zones  s e p a r a t e l y  a t  
f i r s t ,  and o n ly  l a t e r  w i l l  a  co m p le te  e q u a t io n  be p ro p o se d .
I n  t h e  f o l l o w in g  s e c t i o n s  we w i l l  d e r i v e  t h e o r e t i c a l  
s o l u t i o n s  f o r  th e  c o n c e n t r a t i o n  d i s t r i b u t i o n  o f  0^ i n  th e  
d i f f u s i o n  c o n t r o l l e d  zo n e ,  th e  l i m i t i n g  t h i c k n e s s  o f  the  
d i f f u s i o n  f r e e  zone , t h e  t o t a l  r a t e  o f  a b s o r p t io n  o f  0^, and tn e  
r e l a t e d  i n d u c t i o n  t im e .
5 : 2 : 2 Theorv o f  D i f f u s i o n  w i th  Chemical R e a c t io h .
The problem  which we now c o n s id e r ,  i s  t h e  d e t e r m i n a t i o n  o f  
t h e  r a t e  o f  a b s o r p t i o n  o f  oxygen w i t h i n  a  polym er f i l m  o f  p l a n e r
s u r f a c e  and u n ifo rm  t h i c k n e s s .  The f i l m  i s  exposed  t o  0^ on bo th  
f a c e s ,  e x t e r n a l  p r e s s u r e  b e in g  m a in ta in e d  a t  a  c o n s t a n t  v a lu e  
th ro u g h o u t  th e  r e a c t i o n .  R ig h t  away l e t  u s  d e f i n e  th e  more
p r a c t i c a l  i n i t i a l  c o n d i t i o n  d i s c u s s e d  i n  t h e  p r e v io u s  s e c t i o n ,  
i . e .  i n  o u r  model we s t a r t  o f f  w i th  0^ i n i t i a l l y  p r e s e n t  i n  t h e
f i l m  a t  c o n c e n t r a t i o n  C^, which i s  i n  e q u i l i b r i u m  w i th  tn e  
e x t e r n a l  p r e s s u r e  and s u r f a c e  c o n c e n t r a t i o n .
The f o l lo w in g  a s su m p t io n s  a r e  made b e f o r e  we d e f i n e  th e  
b a s i c  F i c k i a n  e q u a t i o n  f o r  d i f f u s i o n  w i th  r e a c t i o n : -
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a)  R ate  o f  0^ consum ption  p ro c e e d s  a t  a  r a t e  d e p e n d en t  on 
and p r o p o r t i o n a l  t o  i t s  c o n c e n t r a t i o n  i n  t h e  f i l m ,  o b e y in g  f i r s t  
o r d e r  k i n e t i c s .
b) The d i f f u s i o n  c o e f f i c i e n t ,  D, o f  0^ i n  t h e  f i l m  i s  
in d e p e n d e n t  o f  0^ c o n c e n t r a t i o n .
For  any p o i n t  i n  th e  f i l m  we may w r i t e  
’b C ( x , t )  = D /  & ^C (x ,t )  k C ( x , t )  1
3 t  ^  &x^
Where C ( x , t )  i s  t h e  c o n c e n t r a t i o n  o f  0^ a t  a  g iv e n  t im e  t  and 
g iv e n  d e p th  x i n t o  t h e  f i l m ,  where th e  x d i r e c t i o n  i s  d e f in e d  as  
p e r p e n d i c u l a r  t o  t h e  f a c e s  o f  th e  f i l m ,  and k i s  t h e  f i r s t  o r d e r  
r a t e  c o n s t a n t .
A s i m p l i f i e d  s o l u t i o n  t o  t h e  d i f f e r e n t i a l  e q u a t io n  1 can  be 
o b ta in e d  by assum ing a  s t e a d y  -  s t a t e  c o n d i t i o n  i s  r e a c h e d  and 
m a in ta in e d  i n  a  s h o r t  r e a c t i o n  t im e ,  i . e .  à C / à t  = 0 .
5 : 2 : 3 E xact S o l u t i o n .
As s t a t e d  p r e v i o u s l y ,  t h e  s o l u t i o n  t o  e q u a t i o n  1 can  be 
o b ta in e d  by a p p l i c a t i o n  o f  t h e  L a p la c e  t r a n s fo r m ,  co u p led  w i th  
t h e  r e l e v e n t  i n i t i a l  and f i n a l  boundary c o n d i t i o n s .  The boundary 
c o n d i t i o n s  which we u se d  t o  s o lv e  1 a r e ,  a s  n o te d  a l r e a d y ,  
d i f f e r e n t  from th o s e  a p p l i e d  by p r e v io u s  a u t h o r s .  These a r e  a s  
f o l l o w s  : -
C = Cq a t  x=0 and t  0
C = C. a t  a l l  X and t=00
C = 0 a t  x= oo and t=0
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Where th e  te rm s  a r e  a s  d e f in e d  above , th e  s o l u t i o n  t o  e q u a t io n  1 
i s  g iv e n  by
C ( x , t )  = Cq { e x p ( - k t )  [1 -  e rfC (X y 2 /Q t) ]}
+Cq/ 2 {exp(x4c /D ) e r f C [ X y y ^  + / k t ] }
+Cq/ 2 { ex p (-x ^ k /D )  e r f C E x ^ ^ / ^  - / k t ] }  2
I t  must be s t r e s s e d  a t  t h i s  p o i n t  t h a t  t h i s  e q u a t i o n  a p p l i e s  o n ly  
t o  th e  d i f f u s i o n  c o n t r o l l e d  z o n e .  From e q u a t io n  2 a t h e o r e t i c a l  
p i c t u r e  can  be b u i l t  up o f  t h e  0^ c o n c e n t r a t i o n  i n  t h e  f i l m .  The 
c o n c e n t r a t i o n  g r a d i e n t  i s  d e p e n d en t  on two v a r i a b l e s  -  f i l m  
t h i c k n e s s ,  and t im e .  From t h i s  e x p r e s s io n  i t  i s  p o s s i b l e  t o  
d e r i v e  e q u a t io n s  t o  d e f i n e  th e  t o t a l  amount o f  g a s  r e a c t e d  w i th  
th e  f i l m ,  Q(R), and th e  r a t e  o f  r e a c t i o n  o f  0^ w i th  th e  f i l m ,  
d Q (R ) /d t .
a )  Q(R) -  The t o t a l  amount o f  0^ w hich would r e a c t  w i th  a 
polym er f i l m  i n  a  t im e  t ,  i s  g iv e n  by th e  i n t e g r a l  o f  k C ( x , t )  
o v e r  th e  l i m i t s  x=0 t o  x=s, and t=0 t o  t = t .  C a r ry in g  o u t  t h i s  
d o u b le  i n t e g r a t i o n  we o b t a i n  th e  s o l u t i o n  
Q(R) = s Cq [1 -  e x p ( - k t )  {1 -  e rfC C sy^yô^)} ]
+ C y  DIM [ e x p ( - k t )  (3 -  2 e x p ( - s ^ /4 D t) }  ]
+ C^tyg ^Dk [ e x p ( S'/k/D) e r f C { s /2 /D t  + / k t }
- e x p ( - s / k / D ) e r f 0{s / 2 / Ï Ï t  -  / k t } ]
[ e r f C ( - / k t )  -  e r f C ( / l e t ) ]
-  Cj&/Dk/2 {1 -  e r f C ( / k t ) }
+ c y D t /n r  ^ e x p ( - k t  - s ^ / 4 D t )  { / k t  + 1 / / k t }  d t  3
b) d Q (R ) /d t  -  The r a t e  o f  consum ption  o f  0^ i s  g iv e n  by th e  
i n t e g r a l  o f  k C ( x , t )  o v e r  th e  l i m i t s  x=0 t o  x= s .  C a r ry in g  o u t  
t h i s  i n t e g r a t i o n ,  we o b t a i n  
d Q (R ) /d t  = kC^ { e x p ( . -k t ) [ s{ 1  -  e r f C ( s /2 / D t ) }
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+ 2 /D t/rr  { e x p ( - s ^ /4 D t  -  1}]}
+ Dk[ e x p ( s ^ k /D ) erfC{s/2-/  Dt + / k t }
-  e x p ( - s / k / b )  e r f C { s /2 /D t  -  / k t }  ]
+ C ^y^D k { e r f C ( - / k t )  -  e r f C ( / k t ) }  4
I t  i s  n e c e s s a r y  to  n o te  t h a t  th e  above e q u a t i o n s  (3 and 4)
a p p ly  to  th e  q u a n t i t y  Q(R), which i s  t h e  amount o f  g a s  w hich has
c h e m ic a l ly  r e a c t e d  w i th  t h e  polym er sam ple . To o b t a i n  t h e  amount 
o f  gas  p h y s i c a l l y  a b so rb e d  by th e  f i l m  u n d e r  th e  same 
c i r c u m s ta n c e s ,  we m ust c o n s t r u c t  a  Mass B a lance  E q u a t io n .  L e t  
Q(A) e q u a l  t h e  t o t a l  amount o f  g a s  a b so rb e d  by th e  f i l m ;  a t  any 
t im e  t h i s  q u a n t i t y  w i l l  be g iv e n  by th e  sum o f  t h e  g a s  r e a c t e d ,  
Q(R), p lu s  t h e  amount o f  g a s  p r e s e n t  i n  t h e  f i l m ,  Q (T), l e s s  th e  
amount p r e s e n t  i n  th e  f i l m  a t  t im e  z e r o ,  Q (0 ) ,  i . e .
Q(A) = Q(R) + Q(T) -  Q(0) 5
5 : 2 : 4_ Approximate S o l u t i o n
As s t a t e d  p r e v i o u s l y ,  th e  0^ c o n c e n t r a t i o n  i n  a  polym er f i l m  
i s  d ependen t  on two f a c t o r s ;  t im e ,  and t h i c k n e s s .  C a l c u l a t i o n  o f  
t h e  oxygen c o n c e n t r a t i o n ,  C ( x , t ) ,  from e q u a t io n  2 f o r  a f i x e d  
d e p th  i n t o  a  polymer f i l m  w i th  v a ry in g  t im e  was c a r r i e d  o u t ,  
i n s e r t i n g  th e  v a lu e s  n o te d  below i n t o  t h e  e q u a t io n .
X = 0.001cm 
k  = I s " ’
D = lO-Som ^s-l 
C :  10‘ ^om^(STP)om“ ^
From th e  m a th e m a t ic a l  a n a l y s i s ,  and a s  shown g r a p h i c a l l y  i n  
F ig u r e  5 .2 a ,  a t  s u f f i c i e n t l y  h ig h  v a lu e s  o f  t  t h e  v a lu e  o f  C ( x , t )  
became c o n s t a n t ,  i . e .  a  s te a d y  -  s t a t e  s i t u a t i o n  a p p l i e s .  
Taking e q u a t io n  2 a s  a  t h r e e  p a r t  s o l u t i o n ,  i n c r e a s i n g  t  r a p i d l y
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Variation of oxygen concentration with time.
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Figure 5.5
Appr oxiiTiate solution for c(x,t) (Equation 7 )
- Variation of oxygen concentration with depth into film.
109
r e n d e r s  th e  f i r s t  component n e g l i g i b l e ,  and th e  second  p a r t  
becomes e q u a l  t o  z e r o ,  t h e r e f o r e  C ( x , t )  can  be ap p ro x im ated  by 
th e  f o l l o w i n g  e q u a t i o n
C ( x , t )  = Cq / 2 ex p { -x' /k/D} [erfC {x/2V D t -  '/ le t} ]  6
Due t o  t h e  i n h e r e n t  p r o p e r t i e s  o f  e r r o r  f u n c t i o n s ,  a s  t  i n c r e a s e s  
e r f C { x / 2 \ / 3 t  -  / l e t }  r a p i d l y  a p p ro x im a te s  t o  2 ,  e n a b l in g  us  t o  
p e rfo rm  a  f i n a l  s i m p l i f i c a t i o n  o f  e q u a t io n  2 ,  t o  p roduce  
C ( x , t )  = Cq ex p { - 3^ /k/D} 7
F ig u r e s  ,5 .2 b  and 5 .2 c  show how r a p i d l y  t h e  above e q u a t io n s  
converge  w i th  th e  e x a c t  s o l u t i o n  f o r  C ( x , t ) .
U sing e q u a t i o n  7 , i t  was p o s s i b l e  t o  g r a p h i c a l l y  i l l u s t r a t e
th e  c o n c e n t r a t i o n  g r a d i e n t  i n  th e  d i f f u s i o n  c o n t r o l l e d  r e g i o n  o f  
an o x i d i s i n g  polym er f i l m  ( F ig u r e  5 . 3 ) .  Combining t h i s  w i th  th e  
known c o n c e n t r a t i o n  p r e s e n t  i n  t h e  d i f f u s i o n  f r e e  o u t e r  r e g io n s  
o f  a  sam ple ,  i t  i s  p o s s i b l e  to  c o n s t r u c t  a  model o f  th e  b e h a v io u r  
o f  Og c o n c e n t r a t i o n  w i t h i n  an o x i d i s i n g  sample (F ig u r e  5 . 4 ) .
Assuming e q u a t i o n  7 t o  be v a l i d  a t  h ig h  v a lu e s  o f  t ,  we can
now produce  g r e a t l y  s i m p l i f i e d  e q u a t io n s  f o r  a  v a r i e t y  of  u s e f u l  
p a ra m e te r s  im p o r ta n t  i n  t h e  i n v e s t i g a t i o n  o f  d i f f u s i o n  c o n t r o l l e d  
o x i d a t i o n  o f  polymer sys tem s  
Q(R) = k C ^ t//?  {1 -  e x p ( - ^ s )}  8
Q(T) = Cq/ / 3 {1 -  exp(-ySs)} 9
d Q (R ) /d t  = k C g / f  {1 -  e x p ( - f s ) }  10
Where ^ = k/D
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Schematic representation of oxygen concentration in a degrading polymer film.
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As we have a l r e a d y  em phas ised , th e  above e q u a t i o n s  ap p ly  
o n lv  t o  t h e  d i f f u s i o n  c o n t r o l l e d  zone o f  th e  f i l m .  I t  i s  now 
n e c e s s a ry  t o  i n v e s t i g a t e  th e  o x i d a t i o n  k i n e t i c s  o f  th e  d i f f u s i o n  
f r e e  s u r f a c e  l a y e r s  o f  th e  f i l m ,  and t o  d e v is e  a  way to  combine 
th e  two i n t o  one e q u a t i o n  t o  d e s c r i b e  th e  o v e r a l l  r a t e  b e h a v io u r  
o f  a  polym er f i l m  o x i d a t i o n  r e a c t i o n .
W ithou t d i f f u s i o n  p l a y in g  a p a r t  i n  th e  k i n e t i c s ,  th e  r a t e  
e x p r e s s io n  f o r  o x i d a t i o n  o f  th e  d i f f u s i o n  f r e e  r e g i o n  o f  a  f i l m  
i s  v a s t l y  s i m p l i f i e d .  For a  t h i c k  f i l m ,  th e  r a t e  o f  o x i d a t io n  
w i t h i n  t h e  d i f f u s i o n  f r e e  zone I s  g iv e n  by 
d Q (R ) /d t  = kC^L 11
We have a l r e a d y  n o ted  t h e  p h y s i c a l  meaning o f  L, t h e  l i m i t i n g  
t h i c k n e s s ,  now we m ust d e r i v e  a m a th e m a t ic a l  e x p r e s s io n  f o r  t h i s  
q u a n t i t y  i n  o r d e r  t o  be a b l e  t o  i n c l u d e  i t  i n  th e  com ple te  r a t e  
e x p r e s s io n .
We d e r iv e d  an  e x p r e s s io n  f o r  L from th e  e q u a t i o n  p ro p o sed  by 
M eares [134] t o  d e te rm in e  th e  d i f f u s i o n  c o e f f i c i e n t s  o f  g a s e s  i n  
a  polymer m a t r ix .  Meares s t a t e m e n t  o f  t h i s  e q u a t i o n  i s  a s  
f o l l o w s  I-
Q/Qo, = 12
Where Q = amount o f  gas  p h y s i c a l l y  a b so rb e d  by a  f i l m  th ro u g h  
b o th  f a c e s  a t  t im e  t ;  Q«f  amount o f  g a s  a b so rb e d  a t  e q u i l i b r i u m ;  
and L = f i l m  t h i c k n e s s .
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An e x p r e s s io n  f o r  L i s  d e r iv e d  th u s
D i f f e r e n t i a t i o n  o f  12 w . r . t .  t im e  g i v e s
dQ/Qrf,dt = 1 /2  4 /L {D/rrt}^'^^
1/2and s u b s t i t u t i o n  o f  t  from  12 g i v e s  
d Q /d t  = 8DQ& / L ^ Q
For t h e  c o n d i t i o n  Q = Q«j , t h i s  r e d u c e s  t o  
dQ / d t  = 8DQ*/L%r
When t h e . r a t e  o f  chem ica l  consum ption  e q u a ls  t h e  r a t e  o f  p h y s ic a l  
a b s o r p t i o n ,  t h e  s o l u t i o n  i s  
8DQ«/Lrr = kQco
L = {8D/krr}^^^ 13
Having d e r i v e d  t h e  above e x p r e s s io n  f o r  L, we a r e  now i n  a 
p o s i t i o n  t o  c om p ile  an  e x p r e s s io n  f o r  th e  r a t e  o f  o x i d a t i o n  o f  a 
polymer f i l m  which «uses th e  c o r r e c t  boundary c o n d i t i o n s ,  and 
t a k e s  i n t o  a c c o u n t  b o th  th e  d i f f u s i o n  f r e e ,  and d i f f u s i o n  
c o n t r o l l e d  k i n e t i c s  w hich a f f e c t  t h i s  r a t e .  The o v e r a l l  r a t e  i s  
a  c o m b in a t io n  o f  th e  r a t e  i n  t h e  t o t a l  d i f f u s i o n  c o n t r o l l e d  zone , 
and th e  r a t e  i n  t h e  d i f f u s i o n  f r e e  s u r f a c e  l a y e r s .  Combining th e  
e q u a t i o n s  d e r iv e d  above , we o b t a i n  t h e  s o l u t i o n  
d Q (R ) /d t  = kC^L + SkC^/;? {1 -  e x p ( - ^ s )}  14
I n  u t i l i s i n g  t h i s  e x p r e s s io n ,  i t  i s  im p o r ta n t  t o  remember 
t h a t  we have  s p l i t  t h e  f i l m  t h i c k n e s s  i n t o  s e p a r a t e  r e g i o n s ,  and 
t h a t  t h i s  must be ta k e n  i n t o  a c c o u n t  when p l o t t i n g  d a t a  which 
i n v o lv e s  v a r i a t i o n  o f  th e  f i l m  t h i c k n e s s .  O v e ra l l  f i l m  t h i c k n e s s  
w i l l  be eq u a l  t o  L + 2 s .
5 : 2 : 5 I n d u c t io n  Time
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P l o t s  o f  r e a c t i o n  p a ra m e te r  ( c a r b o n y l  in d e x ,  o p t i c a l  
d e n s i t y ,  oxygen u p ta k e )  v s .  t im e  f o r  bo th  p n o to ch e m ic a l  and 
th e rm a l  a u t o x i d a t i o n  o f  p o l y o l e f i n s  show an i n i t i a l  p e r io d  i n  
w hich no r e a c t i o n  a p p e a r s  t o  t a k e  p la c e  [ 1 ] ,  fo l lo w e d  by an 
a p p ro x im a te ly  s t r a i g h t  l i n e  r e l a t i o n s h i p  betw een  t h e  p a ra m e te r  
and t im e .  T h is  t im e  p e r io d  o f  seem ing n o n - a c t i v i t y  i s  r e f e r e d  t o  
a s  th e  i n d u c t i o n  t im e  o f  th e  r e a c t i o n  and i s  a  f u n c t i o n  o f  th e  
f i l m  t h i c k n e s s ,  r a t e  o f  d i f f u s i o n  o f  r e a c t i n g  0^ , and t h e  r a t e  
c o n s t a n t  o f  t h e  oxygen consuming r e a c t i o n ,  i . e .  t^ ^ ^  = f (L ,  D, 
k).
Some a u th o r s  c o n s id e r  t h i s  p e r io d  t o  be th e  t im e  r e q u i r e d  t o  
a ccu m u la te  a  " c r i t i c a l  c o n c e n t r a t i o n  o f  h y d ro p e ro x id e s "  [1 3 0 ] .  
These a r e  th e n  r e s p o n s i b l e  f o r  t h e  r a p i d  o x i d a t i o n  w hich f o l lo w s  
th e  i n d u c t i o n  p e r i o d .  There  i s  a n o th e r  way t o  c o n s id e r  t h i s  
phenomenon, however. Having a l r e a d y  e x p la in e d  t h e  need t o  
c o n s id e r  two d i s t i n c t  zones  i n  a  polymer f i l m ,  i t  may be 
c o n s id e r e d  t h a t  t h e  i n d u c t i o n  t im e  i s  due t o  t h e  e s t a b l i s h m e n t  o f  
a  p h y s ic a l  e q u i l i b r i u m  betw een  t h e s e  two, and n o t  t o  a  chem ica l  
i n d u c t io n  p e r io d .
C o n s id e r  t h e  mass b a la n c e  e q u a t io n  f o r  th e  d i f f u s i o n  
c o n t r o l l e d  zone (E q u a t io n  5 ) ;  t h i s  may be w r i t t e n  a s  Q(A) = Q(R) 
+ Q(T) -  Q (0 ) .  For t h e  e n t i r e  f i l m  i t  i s  n e c e s s a r y  to  i n c lu d e  a 
term  d e n o t in g  th e  amount o f  oxygen i n  th e  d i f f u s i o n  f r e e  zone ;  
t h i s  i s  shown i n  e q u a t i o n  15, w here 1 /2  Q(H) i s  t h e  amount o f  0^ 
p r e s e n t  i n  th e  d i f f u s i o n  f r e e  zone a t  one s u r f a c e  o f  th e  f i l m  
Q(A') = Q(R) + Q(T) + 1 /2  Q(H) -  Q(0) 15
L e t  th e  amount o f  g a s  a b s o rb e d  from e x t e r n a l  s o u rc e s  e q u a l  z e r o ;
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i . e .  i s  e q u i v a l e n t  t o  t h a t  p e r i o d  o f  t im e  d u r in g  which th e
r e a c t i o n  w i t h i n  t h e  f i l m  i s  s e l f - s u s t a i n i n g  i n  oxygen. Applying 
t h i s  e q u a t io n  15 becomes, s o l v i n g  f o r  t im e ,  e q u a t io n  16
fis -  {1 -  e x p ( - ^ s )}
L /2  + {1 -  e x p ( - ^ s )} 16
I t  s h o u ld  be n o ted  t h a t  i t  i s  n o t  p o s s i b l e  to  d e r i v e  an  
e q u a t io n  f o r  t h e  i n d u c t i o n  t im e  from  th e  e x a c t  s o l u t i o n s ,  because  
o f  th e  p re s e n c e  o f  i n t e g r a l  te rm s .
5 : 2 :6  Com parison w i th ,E x p e r im e n ta l  R e s u l t s
I n  o r d e r  t o  d e te rm in e  th e  a p p l i c a b i l i t y  o f  ou r  th e o r y ,  two 
i n v e s t i g a t i o n s  w ere  chosen  a s  ex am p les ;  t h e  d a t a  o f  B i l l in g h a m  
and Walker C132] f o r  t h e  th e rm a l  o x i d a t i o n  o f  
p o ly ( m e th y lp e n te n e ) , and t h a t  o f  C hien  and Boss [130] f o r  t h e  
th e rm al  o x id a t io n  o f  t h i c k  f i l m s  o f  p o l y ( p r o p y le n e ) .
The v a lu e  o f  th e  i n i t i a l  0^ c o n c e n t r a t i o n ,  C^, u sed  i n  bo th  
c a s e s  was t h a t  o f  2 .7 x 1 0 "^  cm^(STP)cm“ ^ e s t im a te d  by B i l l in g h a m  
and Walker [1 3 2 ] .  The v a lu e  o f  t h e  r a t e  c o n s t a n t ,  k, was 
c a l c u l a t e d  from th e  e a r l y  p a r t  o f  t h e  r a t e  v s .  t h i c k n e s s  p l o t  
f o r  both  c a s e s ,  assum ing th e  s t r a i g h t  l i n e  r e l a t i o n s h i p  R ate  = 
kC^L to  a p p ly .  V a lues  o f  0 .4 4 8  s ” \  and 0 .965  w ere  o b ta in e d  
f o r  B i l l in g h a m  and W alker [132] and C hien  and Boss [130] 
r e s p e c t i v e l y .
By v a ry in g  th e  v a lu e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t ,  D, i n  
each  c a se ,  and u s in g  e q u a t io n  14, e x c e l l e n t  c o r r e l a t i o n s  betw een 
th e  t h e o r e t i c a l  p l o t s  and e x p e r im e n ta l  d a t a  were found . B es t  
f i t s  were o b ta in e d  f o r  D = 5.5X10*"^ cm^ s   ^ i n  t h e  c a se  o f
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C o r r e l a t i o n  o f  t h e o r e t i c a l  ( F q n . 1 4 )  s o l u t i o n  o f  
r a t e  o f  o x i d a t i o n  v s .  f i l m  t h i c k n e s s  a n d  
e x p e r i m e n t a l  r e s u l t s  o f  B i l l i n g h a m  a n d  V / a l k e r
[1 3 2 ] .
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Correlation of theoretical (f^n.l^) solution of rate of oxidation vs. fil.i thickness, and experimental results of Chien and Boss jlJO],
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Figure 5 . 7
Comparison of equation 14 with theoretical 
solutions assuming diffusion control from the sample surface.
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~5 2 -1B i l l in g h a m  and W alker, and D = 3*5x10 cm s  i n  t h e  c a se  o f  
C hien  and Boss ( F ig u r e s  5*5 and 5 * 6 ) .  These v a l u e s ,  c o n s id e r in g  
th e  a s su m p t io n s  made f o r  i n i t i a l  0^ c o n c e n t r a t i o n  and i n  th e  
m a th e m a tic s ,  a r e  r e a s o n a b le  e s t i m a t e s  o f  t h e  d i f f u s i o n  
c o e f f i c i e n t  o f  oxygen i n  a  polym er sys tem .
The above com parison  w i th  e x p e r im e n ta l  d a t a  shows t h a t  th e  
i n c l u s i o n  o f  d i f f u s i o n  f r e e  and d i f f u s i o n  c o n t r o l l e d  term s 
p ro d u ce s  a  r a t e  e q u a t i o n  w hich i s  a  good model o f  an  o x i d i s i n g  
polym er sy s tem . A f u r t h e r  t e s t  was t o  use  e q u a t i o n  10, i . e .
assum ing d i f f u s i o n  c o n t r o l  from th e  s u r f a c e ,  and t o  t e s t  w he the r
t h i s  co u ld  be made to  f i t  t h e  c u rv e  found e x p e r i m e n t a l l y .  As i s  
shown i n  F ig u re  5.7» i t  was n o t  p o s s i b l e ,  u s in g  t h i s  v e r s i o n  o f  
th e  o x i d a t i o n  k i n e t i c s ,  to  p roduce  a  r e a s o n a b le  f i t  t o  
e x p e r im e n ta l  d a t a .  T h is  i s  f u r t h e r  e v id e n c e  o f  t h e  v e r a c i t y  o f  
o u r  m odel.
Using th e  t h e o r e t i c a l  b e s t  f i t  d a t a  f o r  th e  r e s u l t s  o f  Chien 
and Boss [ IS O ],  a  p l o t  o f  t^ ^ ^  v s .  f i l m  t h i c k n e s s  was p r e p a r e d .
As can  be s e e n  from F ig u re  5 . 8 ,  a f t e r  an i n i t i a l  phase o f
n o n - l i n e a r i t y ,  due t o  t h e  dominance o f  d i f f u s i o n  f r e e  k i n e t i c s ,  
t h e r e  e x i s t s  a  d i r e c t  p r o p o r t i o n a l i t y  be tw een  i n d u c t i o n  t im e  and 
f i l m  t h i c k n e s s .
From th e  above e v id e n c e ,  i t  would a p p e a r  t n a t  t h e  model o f  
o x i d a t i o n  o f  po lym ers  d e s c r ib e d  i n  t h i s  s e c t i o n  c o r r e l a t e s  w e l l  
w i th  t h e  a c t u a l  ch em ica l  and p h y s i c a l  p r o c e s s e s  in v o lv e d .  
E q u a t io n  14 a p p e a r s  t o  a d e q u a te ly  combine b o th  d i f f u s i o n  
c o n t r o l l e d  and d i f f u s i o n  f r e e  k i n e t i c s  i n  such  a way as  t o  be a 
u s e f u l  model o f  t h e  o x i d a t i o n  b e h a v io u r  o f  polym er f i l m s  o f  a l l
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Variation ox induction time with film thickness (B^n.l6).
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6 .  SUMMARY AND CONCLUSIONS 
Having i n v e s t i g a t e d  some o f  t h e  v a r i o u s  p ro p o se d  mechanisms ;r
,ï
f o r  th e  e x c e l l e n t  p h o t o s t a b i l i s i n g  a c t i o n  o f  HALS i n  p o l y o l e f i n s ,  
i t  i s  th e  pu rp o se  o f  t h i s  c h a p te r  to  compare th e  r e s u l t s  
o b t a i n e d ,  and p r e l i m i n a r y  c o n c lu s io n s  r e a c h e d ,  i n  each  o f  t h e  
e x p e r im e n ta l  s e c t i o n s ,  and to  a t te m p t  t o  p r o v id e  a c l e a r e r  
p i c t u r e  o f  th e  mechanism in v o lv e d  i n  th e  p h o t o s t a b i l i s a t i o n  o f  
p o l y o l e f i n s  by HALS. T h e o r e t i c a l  i n v e s t i g a t i o n  o f  th e  e f f e c t s  o f  
Og d i f f u s i o n  on th e  o x i d a t i o n  o f  po lym ers h a s  shown t h i s  t o  be a 
c r i t i c a l  f a c t o r ,  and we w i l l  h e r e  ap p ly  t h i s  r e s u l t  t o  th e  
i n v e s t i g a t i o n  o f  HALS s t a b i l i s a t i o n  m echanism s, and show how th e  
d e r iv e d  e q u a t i o n s  can  be used  t o  t e s t  some o f  t h e  s u g g e s te d  
m echanisms f o r  HALS a c t i o n .
6 :1  S c re e n in g  o f  D e t r im e n ta l  L ig h t .
For th e  p a r e n t  am ines t h i s  h a s  been  shown t o  be o f  l i t t l e  
p r a c t i c a l  im p o r ta n c e ,  due to  t h e i r  v e ry  low e x t i n c t i o n  
c o e f f i c i e n t s  i n  t h e  v i s i b l e  and n e a r  -  u l t r a - v i o l e t  r e g i o n s  o f  
th e  sp e c tru m . The n i t r o x i d e  d e r i v a t i v e s  we have  a l r e a d y  n o te d  to  
be h ig h ly  c o lo u re d  (o ra n g e  -  r e d )  and t h i s  l e a d s  to  h ig h  
e x t i n c t i o n  c o e f f i c i e n t s  i n  th e  v i s i b l e  r e g i o n ,  which c o u ld  l e a d  
t o  p h o t o r e a c t i o n  o f  t h e  s u b s t r a t e .  The n i t r o x i d e s ,  i n  a 
com m ercial s t a b i l i s i n g  s i t u a t i o n  would be p r e s e n t  i n  v e ry  low 
c o n c e n t r a t i o n s  i n  any c a s e .  I t  i s  o b v io u s  t h a t  s c r e e n in g  does  
n o t  c o n t r i b u t e  t o  t h e  s t a b i l i s i n g  a b i l i t y  o f  HALS.
6:2 ..o.f. £gs,
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The e x p e r im e n ts  c a r r i e d  o u t  i n  S e c t i o n  4 :1  on a ro m a t ic  and 
c a rb o n y l  EES i n  polym er m a t r ix  p o in te d  o u t  t h a t ,  even i n  f a i r l y  
h ig h  r a t i o s  o f  s t a b i l i s e r  t o  a d d i t i v e ,  t h e r e  i s  no a p p r e c i a b l e  
q u en ch in g  o f  t r i p l e t  e x c i t e d  s t a t e s  in v o lv e d .  Com parison o f  th e  
s i n g l e t  qu en ch in g  a b i l i t y  o f  HALS w i th  t h a t  o f  n o n -h in d e re d  
am ines ,  i n  th e  c a se  o f  a ro m a t ic  s i n g l e t s  i n  f l u i d  s o l u t i o n ,  shows 
l i t t l e  d i f f e r e n c e  be tw een  th e  two ty p e s ,  b o th  i n  g e n e r a l  b e in g  
poor q u e n c h e rs  o f  EES ; t h i s  i s  c o n t r a r y  to  t h e  r e s u l t s  o f  H e l l e r  
and B latm ann [ 3 1 ] .  Our r e s u l t s  show t h a t ,  i n  o r d e r  f o r  any amine 
t o  be an  e f f e c t i v e  qu en ch er  o f  s i n g l e t  EES, i t  i s  n e c e s s a ry  t h a t  
i t  e x h i b i t s  a  low i o n i z a t i o n  p o t e n t i a l  ( I P ) ,  s i n c e  th e s e  
compounds quench e x c i t e d  s t a t e s  by an e x c i t e d  s t a t e  c h a rg e  
t r a n s f e r  mechanism [ 3 1 ] .  Few, i f  any , o f  t h e  com m ercial 
s t a b i l i s e r s  w i l l  have  a  s u f f i c i e n t l y  low IP  t o  a c t  a s  s i n g l e t  EES 
q u e n c h e r s  by t h i s  means.
E xpe r im en ts  c a r r i e d  o u t  t o  t e s t  t h e  q u e n c h in g  a b i l i t y  o f  
n i t r o x i d e s  i n  t h e  c a s e  o f  e x c i t e d  s t a t e s  o f  a n th r a c e n e  and 
t e t r a c e n e  would seem to  s u g g e s t  t h a t  th e  r a d i c a l s  s y n th e s i s e d  
from  com m ercial HALS have a weak c a p a b i l i t y  o f  q u e n c h in g  s i n g l e t  
oxygen, due to  t h e  p a ra m a g n e t ic  n a tu r e  o f  t h e  N -  0. g roup  -  
t h i s  i s  i n  k e e p in g  w i th  r e s u l t s  p r e s e n t e d  by o t h e r  a u th o r s  
[ 6 7 ,6 8 ] .  In  p o l y o l e f i n s ,  th e  r o l e ,  i f  any , o f  s i n g l e t  oxygen i n  
p h o t o - o x i d a t i o n  i s  n o t  c l e a r ,  and i t  would a p p e a r  t h a t  th e  r o l e  
o f  n i t r o x i d e s  as  q u e n c h e rs  o f  t h i s  s p e c i e s  would n o t  be a 
s i g n i f i c a n t  f a c t o r  i n  t h e  p h o t o s t a b i l i s i n g  a b i l i t y  o f  HALS. In  
th e  c a se  o f  p o ly d ie n e s ,  w here s i n g l e t  oxygen i s  th o u g h t  t o  be o f  
im p o r ta n c e  i n  th e  p h o t o - o x i d a t i o n  mechanism, p u b l i s h e d  r e s u l t s  
[48 ]  s u g g e s t  t h a t  q u e n c h in g  o f  s i n g l e t  oxygen by HALS i s  n o t  a
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v i a b l e  s t a b i l i s a t i o n  mechanism.
6 :3  ■R9nr,r.adi.o.si.I...P.e..c.Qmp.ogi .t iQn o f . HydrQPbr.bxidc..
As we have a l r e a d y  n o te d ,  i n  o r d e r  f o r  ROOH to  be a c t i v e l y  
decomposed by HALS, i t  i s  n e c e s s a r y  f o r  th e  two s p e c i e s  t o  be i n  
c l o s e  p ro x im i ty .  Due to  t h e  low c o n c e n t r a t i o n  o f  bo th  s p e c i e s  
and th e  d i f f u s i o n  p rob lem s d i s c u s s e d  i n  S e c t i o n  5 : 1 ,  such  a 
s i t u a t i o n  on a p u r e ly  random d i s t r i b u t i o n  b a s i s  i s  u n l i k e l y .  
Some a u th o r s  [ 5 5 ,5 6 ]  have  s u g g e s te d  t h a t  a s s o c i a t i o n  fo rm a t io n  
betw een HALS and ROOH m igh t p r o v id e  a pathway whereby t h i s  
s t a b i l i s a t i o n  mechanism m igh t become a s i g n i f i c a n t  f a c t o r .
F o l lo w in g  t h i s  l i n e  o f  e n q u i r y ,  th e  r e s u l t s  which we 
o b ta in e d  ( S e c t i o n  4 :2 )  c l e a r l y  d e m ons ta ted  t h a t  t h e  p e rc e n ta g e  o f  
a v a i l a b l e  ROOH and HALS w hich would a c t u a l l y  t a k e  p a r t  i n  any 
such  a s s o c i a t i o n  would be e x tre m e ly  low. The r e s u l t s  from IR 
s p e c t r o s c o p y  show v e ry  low a s s o c i a t i o n  c o n s t a n t s  f o r  such 
com plexes , even i n  f l u i d  s o l u t i o n .  NMR s p e c t r a  do show an 
e x tre m e ly  l a r g e  e f f e c t  on t h e  hydroperoxy  p r o to n  ch em ica l  s h i f t  
on a d d i t i o n  o f  HALS, b u t  t h i s  i s  e s s e n t i a l l y  a  q u a l i t a t i v e  
o b s e r v a t io n ,  and does  n o t  i n  any way i n v a l i d a t e  t h e  c o n c lu s io n s  
r e a c h e d  from th e  IR e v id e n c e .  The l a r g e  NMR chem ica l  s h i f t s  
e x h i b i t e d  i n  th e s e  e x p e r im e n ts  c an  be e x p la in e d  by th e  ex trem e  
s e n s i t i v i t y  of  th e  hyd roperoxy  p r o to n  t o  changes  i n  i t s  
e n v ironm en t [1 1 3 ] .
The d a t a  p r e s e n t e d  i n  S e c t i o n  4 :2  i s  c o n c lu s i v e  ev id e n c e  
t h a t  HALS and ROOH do n o t  form  a p p r e c i a b l e  p e r c e n ta g e s  o f  
a s s o c i a t e d  s p e c i e s ;  t h i s  makes any s t a b i l i s a t i o n  mechanism 
i n v o lv i n g  th e  d e c o m p o s i t io n  o f  h y d ro p e ro x id e s  by e i t h e r  HALS or
.Æ
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t h e i r  n i t r o x i d e  d e r i v a t i v e s  u n l i k e l y  as  an e x p l a n a t i o n  o f  th e
p h o t o s t a b i l i s i n g  a b i l i t y  o f  t h e s e  compounds.
6 : 4 ........................................................................... .■Pr-Q..d.RC.t.g..t..
I n  t h i s  c a s e ,  th e  s t a b i l i s e r  i s  b e in g  r e q u i r e d  to  d e a l  w i th  
one o r  more o f  a  s e r i e s  o f  p h o to p ro d u c ts  p roduced  i n  t h e  l a t e r  
s t a g e s  o f  r e a c t i o n .  Two im p o r ta n t  c l a s s e s  o f  chrom ophore have
been  i n v e s t i g a t e d  -  t h e  h y d r o p e r o x id e s ,  and th e  c a r b o n y l s .
For h y d ro p e ro x id e s  th e  same o b s e r v a t io n s  ap p ly  as  n o te d  
above, e x c e p t  t h a t  we may now e x p e c t  a h i g h e r  c o n c e n t r a t i o n  o f  
h y d ro p e ro x id e .  Hence, i t  m igh t be e x p e c te d ,  from  a p u r e ly  random 
d i s t i b u t i o n  o f  ROOH and HALS t h a t  some c o n v e r s io n  o f  HALS to
n i t r o x i d e  may now o c c u r ,  and t h i s  can  a c c o u n t  f o r  th e  low
s t e a d y - s t a t e  c o n c e n t r a t i o n  ( c ,  1$) o f  n i t r o x i d e  found  i n
p h o to d eg rad ed  sam ple o f  p o ly (p r o p y le n e )  s t a b i l i s e d  by HALS. T h is  
r e a c t i o n  w i l l  n o t  be an e f f e c t i v e  s t a b i l i s a t i o n  mechanism i n  i t s  
own r i g h t ,  s i n c e  th e  v a s t  m a j o r i t y  o f  hydroperoxy  g ro u p s  w i l l  be
u n a f f e c t e d  by i t ,  and a b le  t o  t a k e  p a r t  i n  th e  ongoing
a u t o x i d a t i o n  r e a c t i o n .
We have a l r e a d y  n o ted  t h e  s u g g e s t i o n  [80] t h a t  HALS m igh t  
i n t e r a c t  w i th  u n s a t u r a t e d  k e to n e  p h o t o - o x i d a t i o n  p r o d u c t s ,  i n  
o r d e r  t o  p r e v e n t  t h e i r  i s o m é r i s a t i o n  to  more p h o to c h e m ic a l ly  %
a c t i v e  s p e c i e s ,  b u t  t h i s  pathway has  a  number o f  problem s
a s s o c i a t e d  w i th  i t .  The mechanism p roposed  [80 ]  i n v o lv e s  v e ry  
h ig h  speed  p r o to n  t r a n s f e r  from th e  HALS to  t h e  k e to n e ,  which i s  
n o t  a  l i k e l y  o c c u ra n c e  i n  a  po lym er m a t r ix ,  and o f  c o u rs e  i s  n o t  
p o s s i b l e  i n  th e  c a s e  o f  th e  t e r t i a r y  amine s t a b i l i s e r s .  The 
c o n c e n t r a t i o n  o f  such  " s p e c i a l i s e d "  chrom ophores i s  a l s o  l i a b l e
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t o  be s m a l l ,  and th e y  a r e  n o t  consumed i n  t h e  r e a c t i o n  w i th  HALS 
b u t  rem ain  i n t a c t  and c o u ld  th u s  p o s s ib l y  s t i l l  c o n t r i b u t e  t o  th e  
d e g r a d a t i o n  th ro u g h  energy  t r a n s f e r  mechanisms.
6 :5  s .t.a b llx g .e r_ Tr.an.s£prm a.tigJL...
The f a c t  o f  HALS t r a n s f o r m a t i o n  to  o t h e r  d e r i v a t i v e s ,  
n o t a b ly  s t a b l e  n i t r o x i d e  r a d i c a l s ,  i s  w e l l  documented [ 5 1 ,5 2 ,5 3 ] ;  
t h e  f u r t h e r  e f f e c t  o f  such s p e c i e s  on th e  a u t o x i d a t i o n  b e h a v io u r  
o f  p o l y o l e f i n s  i s  l e s s  w e l l  d e f i n e d .  There i s  ample e v id e n c e  f o r  
t h e  f o rm a t io n  o f  a low ( c .  1? o f  o r i g i n a l  s t a b i l i s e r
c o n c e n t r a t i o n )  s t e a d y - s t a t e  p o p u l a t i o n  o f  n i t r o x i d e  r a d i c a l s  
d u r in g  p h o t o - o x i d a t i o n  o f  p o ly (p r o p y le n e )  c o n t a i n i n g  se co n d a ry  
HALS [ 5 1 ] .  Some a u th o r s  a l s o  d e t e c t  hy d ro x y lam in es  [6 0 ,6 2 ]  and 
h y d ro x y l  amine e t h e r s  [ 5 2 ] .  I n  t h e  c a se  o f  t e r t i a r y  HALS we have 
shown, i n  a  s e r i e s  o f  lo n g  te rm  e x p e r im e n ts ,  t h a t  t h e  N -  m ethy l 
s u b s t i t u t e d  s t a b i l i s e r  T in u v in  292 i s  c a p a b le  o f  fo rm in g  a v e ry  
low c o n c e n t r a t i o n  o f  r a d i c a l  s p e c i e s  i n  t h e  p r e s e n c e  o f  m ass ive  
e x c e s s  o f  ROOH, a l th o u g h  v e ry  much low er  t h a n  th e  c o n c e n t r a t i o n  
n o te d  f o r  T in u v in  770. I n  t h e  c a s e  o f  T in u v in  622 , a  t e r t i a r y  
HALS which has  i t s  n i t r o g e n  a s  e s s e n t i a l l y  p a r t  o f  th e  polym er 
backbone, no f o r m a t io n  o f  r a d i c a l  s p e c i e s  was n o te d ,  even  o v e r  a 
p e r i o d  o f  s e v e r a l  w eeks; y e t  T in u v in  622 i s  a  h i g h ly  e f f e c t i v e  
s t a b i l i s e r .  S i m i la r  e x p e r im e n ts  by J e n s e n  e t  a l  [66 ]  s u g g e s t  
t h a t  T292 r e a c t s  w i th  oxygen c e n t r e d  r a d i c a l s  t o  p roduce  T770 
which th e n  r e a c t s  w i th  ROOH to  p roduce  th e  r a d i c a l s ,  a l th o u g h  
h e r e  a g a in  we e n c o u n te r  t h e  p rob lem  o f  d i f f u s i o n  o f  t h e  r e a c t i n g  
s p e c i e s  i n  a  polymer m a t r ix .  The i n e f f i c i e n t  n a t u r e  o f  bo th  
r e a c t i o n s  i s  r e f l e c t e d  i n  t h e  low c o n c e n t r a t i o n  o f  r a d i c a l s  n o ted  
even  f o r  T770, and th e  v a s t  d i f f e r a n c e  i n  c o n c e n t r a t i o n  n o ted  
be tw een  th e  two s t a b i l i s e r s ,  bo th  b e in g  m o n i to re d  o v e r  a p e r io d  »
■Î
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o f weeks.
These o b s e r v a t i o n s ,  and t h e i r  c o r r e l a t i o n  w i th  work by o t h e r  
a u th o r s  ten d  t o  s u g g e s t  t h e  same c o n c lu s io n s  n o te d  i n  o t h e r  
s e c t i o n s  o f  t h i s  c h a p t e r ,  i . e .  t h a t  t r a n s f o r m a t i o n  p r o d u c t s  o f  
HALS, a l th o u g h  c a p a b le  i n  th e o r y  o f  p e r fo rm in g  a v a r i e t y  o f  
s t a b i l i s i n g  f u n c t i o n s ,  a r e  to o  i n e f f i c i e n t ,  and a v a i l a b l e  i n  to o  
sm a l l  a  q u a n t i t y ,  t o  f u l l y  e x p la i n  th e  p h o t o s t a b i l i s i n g  a b i l i t y  
o f  com m ercial HALS.
6 : 6
As e x p la in e d  i n  S e c t i o n  2 : 3 ,  t h e r e  i s  a  g r e a t  d e a l  o f  
c o n t r o v e r s y  s u r r o u n d in g  t h i s  p a r t i c u l a r  s t a b i l i s a t i o n  mechanism. 
A u tho rs  have  c i t e d  n i t r o x y l s ,  h y d ro x y la m in e s ,  and h yd roxy lam ine  
e t h e r s ,  o r  a l l  t h r e e  a s  r a d i c a l  t r a p p i n g  s p e c i e s  i n  t h e  
p h o t o s t a b i l i s a t i o n  o f  p o ly ( p r o p y le n e )  [ 5 2 , 6 2 , 8 4 , 8 8 , 8 9 ] .  L e t  us  
now c o n s id e r  t h i s  more c l o s e l y .
I n  p h o to d e g r a d a t io n  o f  a  p o l y o l e f i n ,  t h e r e  a r e  two ty p e s  o f  
r a d i c a l  in v o lv e d  i n  t h e  a u t o x i d a t i o n  c y c le  -  a l k y l  r a d i c a l s ,  R . , 
a s s o c i a t e d  w i th  th e  i n i t i a t i n g  s t e p ,  and oxygen c e n te r e d  
r a d i c a l s ,  t h e  h y d ro p e ro x y ,  ROO., and a lk o x y  RO., s p e c i e s  , 
a s s o c i a t e d  w i th  p r o p o g a t io n  and c h a in  b ra n c h in g  r e s p e c t i v e l y .  As 
i t  would be i d e a l  t o  c a p t u r e ,  o r  r e n d e r  h a rm le s s ,  th e  i n i t i a t i n g  
r a d i c a l ,  any s c a v e n g in g  o f  R. would be an  im p o r t a n t  s t a b i l i s i n g  
p r o c e s s .  N i t r o x y l  r a d i c a l s  a r e  s u g g e s te d  a s  a l k y l  r a d i c a l  
s c a v e n g e r s ,  b u t  t h e r e  a r e  two im p o r ta n t  p rob lem s w i th  t h i s  
h y p o t h e s i s  : -
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a) We have a l r e a d y  shown t h a t  t h e  n i t r o x y l  r a d i c a l s  do n o t  
a s s o c i a t e  w i th  h y d ro p e ro x id e  to  any a p p r e c i a b l e  e x t e n t ;  T ab le  4 . F 
shows t h a t  n i t r o x i d e s  a r e  even  l e s s  l i k e l y  to  form  a s s o c i a t i o n s  
w i th  ROOH th a n  t h e i r  p a r e n t  am ines , and th e r e w i th  th e  o x i d i s i n g  
domain o f  th e  po lym er ,  t h e r e f o r e  t h e r e  i s  no a d v a n ta g e o u s  
p ro x im i ty  o f  th e  r a d i c a l  t r a p  to  a  p o t e n t i a l  r a d i c a l  s i t e .  The 
s i z e  o f  com m ercial HALS makes i t  u n l i k e l y  t h a t  th e y  can  d i f f u s e  
tow ards a r a d i c a l  s i t e  w i t h i n  t h e  t im e s c a le  r e q u i r e d  to  p r e v e n t  
r e a c t i o n  betw een R. and 0^ .
b) A s i t u a t i o n  whereby t h e  n i t r o x y l  m ig h t  r e a c t  w i th  R. 
w i t h i n  th e  l i f e t i m e  o f  t h e  f r e e  a l k y l  r a d i c a l  would a r i s e  i f  
t h e r e  were a  s e v e r e ly  d e p le t e d  oxygen s u p p ly  i n  t h e  im m edia te  
v i c i n i t y ,  b u t  i n  t h e  c a se  o f  t h i n  f i l m s  and f i b r e s ,  th e  
m a th e m a t ic a l  model s e t  o u t  i n  S e c t i o n  5 : 2  s u g g e s t s  t h a t ,  assum ing 
r e a s o n a b le  v a lu e s  f o r  D and k , t h e r e  w i l l  be no d i f f u s i o n  c o n t r o l  
o f  o x i d a t io n ,  i . e .  no oxygen d e p l e t i o n  t o  a s s i s t  a  n i t r o x y l  -  
a l k y l  r a d i c a l  r e a c t i o n .
The sc a v e n g in g  o f  a lk o x y  a n d /o r  peroxy  r a d i c a l s  by 
h yd roxy lam ines  and h y d ro x y la m ine e t h e r s  i s  a n o th e r  s u g g e s te d  
mechanism, and t h i s  would i n  f a c t  be v i t a l  f o r  t h e  r e g e n e r a t i o n  
o f  n i t r o x y l  r a d i c a l s  [ 5 3 ,6 2 ] ,  b u t  a g a in  t h e  r e s t r i c t e d  m o b i l i t y  
and low c o n c e n t r a t i o n  o f  th e s e  s p e c i e s  i n  a  po lym er env ironm en t 
w i l l  keep t h i s  p r o c e s s  t o  to o  low a  l e v e l  to  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  t h e  e x c e l l e n t  p h o t o s t a b i l i s a t i o n  p r o p e r t i e s  o f  
HALS.
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Thus th e  c y c le  of r e a c t i o n s  betw een p o ly m e r ic  r a d i c a l s  and 
HALS d e r i v a t i v e s  can  t h e o r e t i c a l l y  ta k e  p l a c e ,  b u t  i t  would 
a p p e a r  t h a t  th e  low l e v e l s  d e t e c t e d  o f  n i t r o x i d e s  and 
h y d ro x y lam in es  s u g g e s t  t h a t  t h i s  i s  o f  minor im p o r ta n c e  t o  t h e  
o v e r a l l  e f f i c i e n c y  o f  t h e  p h o t o s t a b i l i s a t i o n  mechanism a s s o c i a t e d  
w i th  HALS. M oreover, some l i t e r a t u r e  r e p o r t s  i n d i c a t e  t h a t  h ig h  
s t a b i l i t y  o f  a  sam ple  i s  n o t  n e c e s s a r i l y  c o n n e c te d  w i th  a  h ig h  
c o n c e n t r a t i o n  o f  n i t r o x y l  r a d i c a l s  [ 4 8 ,9 0 ] ,  p lu s  r e s u l t s  u s in g  
T in u v in  622 n o ted  i n  t h e  p r e v io u s  s e c t i o n  show t h a t  r a d i c a l  
s p e c i e s  a r e  n o t  n e c e s s a r i l y  r e q u i r e d  a t  a l l  i n  o r d e r  f o r  a 
com m ercial HALS t o  be an e f f e c t i v e  p o l y o l e f i n  p h o t o s t a b i l i s e r .
6 : 7  T r a n s i t i o n  M eta l C om plexa tion .
Enhancement o f  o x i d a t i o n  o f  po lym ers  by t r a n s i t i o n  m e ta l  
compounds h a s  been  s u s p e c t e d  f o r  some t im e , b u t  l i t t l e  h a s  been  
done t o  i n v e s t i g a t e  th e  e x t e n t  t o  w hich t h i s  r e a c t i o n  o c c u r s ,  o r  
t h e  m echanism (s)  in v o lv e d .  E a r ly  work on m e ta l  c a t a l y s i s  o f  
a u t o x i d a t i o n  ten d e d  t o  c o n c e n t r a t e  on th e  e f f e c t s  o f  m eta l  
i m p u r i t i e s  i n  l i q u i d  h y d ro c a rb o n s ,  p a r t i c u l a r l y  th e  im p o r ta n t  
s t u d i e s  o f  U r i  e t  a l  [ 2 6 ] ,  a l th o u g h  some i n v e s t i g a t i o n s  w ere  
c a r r i e d  o u t  on low MW p o l y o l e f i n s  by K r e s ta  e t  a l  [ 1 3 5 ] .  Both 
t h e s e  a u th o r s  e s t a b l i s h e d  two im p o r ta n t  p o i n t s  c o n c e rn in g  th e  
r e a c t i o n  -  a)  Only a v e ry  low c o n c e n t r a t i o n  o f  t r a n s i t i o n  m e ta l  
i o n  i s  r e q u i r e d  t o  s u b s t a n t i a l l y  c a t a l y s e  th e  r e a c t i o n ,  b) In  
h i g h e r  c o n c e n t r a t i o n s ,  t h e  m e ta l  io n s  compete s u c c e s s f u l l y  f o r  
a lk o x y  and peroxy  r a d i c a l s ,  and a c t  a s  c h a in  t e r m i n a t o r s .
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A model re a c t io n  between and t r a n s i t io n  m eta l species
[273 i n d i c a t e d  t h a t  p h o t o l y s i s  o f  th e  p e ro x id e  would n o t  o c c u r  
u n l e s s  a  low l e v e l  o f  t r a n s i t i o n  m eta l  io n  was p r e s e n t .  
Com plim entary  to  t h i s ,  Tkac e t  a l  [136]  have  shown t h a t  c a t a l y s i s  
o f  p o ly (p r o p y le n e )  o x i d a t i o n  by C o ( I I )  does  n o t  p ro c e e d  e x c e p t  i n  
t h e  p re s e n c e  o f  h y d ro p e ro x id e  s p e c i e s .  More r e c e n t l y ,  A l le n  e t  
a l  [137]  have  co n fi rm ed  th e  d e t r i m e n ta l  e f f e c t  o f  r e s i d u a l
t r a n s i t i o n  m e ta l  c a t a l y s t s  on th e  p h o to ch e m ic a l  and th e rm a l
s t a b i l i t y  o f  p o l y ( p r o p y le n e ) .
The above o b s e r v a t i o n s  c a n  be e x p la in e d  by a d o p t in g  th e  
th e o ry  o f  B la c k  [ 2 8 ] ,  t h a t  th e  s o - c a l l e d  m e ta l  c a t a l y s e d
a u t o x i d a t i o n  o f  h y d ro c a rb o n s  i s  due t o  i n i t i a t i o n  by a m e ta l  -  
h y d ro p e ro x id e  com plex. The i n i t i a t i o n  o f  a u t o x i d a t i o n  th ro u g h  
t h i s  mechanism i s  i l l u s t r a t e d  below, u s in g  i r o n  as  an  example o f  
a  t r a n s i t i o n  m e ta l  o f  v a r i a b l e  v a le n c e .
Fe^+ + ROOH (ROOHFe)^+
(R00HFe)2+  » RO. + Fe^* + OH"
Fe^* + ROOH (R00HFe)3+
(R00HFe)3+ ---------> ROO. + Fe^* + H*
With th e  above o b s e r v a t i o n s  i n  mind, i t  c an  r e a d i l y  be s e e n  
t h a t  th e  a b i l i t y  shown by HALS, i n  S e c t i o n  4 : 3 ,  t o  complex w i th
t r a n s i t i o n  m e ta l s  i s  c r u c i a l  to  t h e i r  a b i l i t y  to  a c t  a s  e x c e l l e n t
p h o t o s t a b i l i s e r s .  The f a c t  t h a t  such  a  w ide ran g e  o f  t r a n s i t i o n  
m e ta l s  a r e  complexed by HALS i s  n o te w o r th y ,  i n  t h a t  many
d i f f e r e n t  e le m e n ts  a r e  l i a b l e  t o  be p r e s e n t  i n  a  com m ercial f i l m  
o r  f i b r e ,  e i t h e r  from d e l i b e r a t e  a d d i t i o n  o f  p ig m en ts ,
s t a b i l i s e r s ,  e t c . , .  o r  a s  t r a c e  i m p u r i t i e s  from c a t a l y s t s  o r
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p r o c e s s in g .  R i c h t e r s  h a s  shown [5 ]  t h a t  p o ly ( p r o p y le n e )  f i l m  may 
c o n t a i n  a s  many a s  8 d i f f e r e n t  t r a n s i t i o n  m e t a l s ,  i n  amounts 
r a n g in g  from 0 .1  -  25 ppm. Our own a n a ly s e s  o f  HALS c o n ta i n in g  
polym er f i l m s  show t h a t  Fe i s  p r e s e n t  i n  c o n c e n t r a t i o n s  
e q u i v a l e n t  t o  5 -  10"^ M olar ,  i . e .  a  l e v e l  w hich would be
c a p a b le  o f  s u b s t a n t i a l l y  a c c e l e r a t i n g  a u t o x i d a t i o n  o f  a  l i q u i d  
h y d ro c a rb o n  [ 2 6 ] .
I n f e r r i n g  from s o l u t i o n  phase  r e s u l t s  t h e  b e h a v io u r  o f  an  
a d d i t i v e  or  im p u r i ty  i n  p o ly m e r , m a t r ix  h a s  a lw ays  t o  be done w i th  
c a u t i o n .  Our e x a m in a t io n  o f  im p u r i ty  m o b i l i t y  i n  S e c t i o n  5 :1  
h a s ,  however, p u t  fo rw a rd  a  good c a s e  f o r  m e ta l  i o n s  b e in g  f a i r l y  
s m a l l ,  h ig h ly  m o b ile  s p e c i e s ,  c a p a b le  o f  d i f f u s i n g  th ro u g h  a 
polym er m a t r ix ,  s i n c e  th e  main l i g a n d s  a p p e a r  to  be oxygen a n d /o r  
sm a l l  o r g a n ic  s p e c i e s  [ 1 3 5 ] .  I n i t i a l  p r o c e s s in g  o f  t h e  polym er 
i n t o  a  f i n i s h e d  a r t i c l e  w i l l ,  a s  a l r e a d y  i n d i c a t e d ,  p r e s e n t  
o p p o r t u n i t i e s  f o r  th e  c o n ta m in a t io n  o f  th e  f e e d s t o c k  by m e ta l  
i m p u r i t i e s  from m ac h in ery .  These m e ta l  s p e c i e s  w i l l  be p ic k e d  up 
on th e  s u r f a c e  o f  t h e  f i l m ,  w here  th ey  a r e  l i k e l y  t o  e n c o u n te r  
s t a b i l i s e r  s p e c i e s  w h ich , b e in g  on ly  p a r t i a l l y  s o l u b l e  i n  th e  
po lym er, w i l l  te n d  t o  m ig r a te  s lo w ly  t h e r e .  • T h is ,  i n  c o n ju n c t io n  
w i th  th e  h ig h  t e m p e r a tu r e s  used  i n  t h e  p r o c e s s in g  o f  most 
p o l y o l e f i n s ,  c r e a t e s  an i d e a l  s i t u a t i o n  a s  r e g a r d s  m o b i l i t y  o f  
m e ta l  c o n ta i n in g  s p e c i e s .  Once th e  f i l m  or  f i b r e  i s  i n  u s e ,  t h e  
ROOH which i s  c o n s id e r e d  to  be c r e a t e d  a t  t h i s  s t a g e  [2 ]  and th e
a r e  a v a i l a b l e  t o  i n i t i a t e  f u r t h e r  d e g r a d a t i o n  u n d e r  th e rm a l  
o r  p h o to ch e m ic a l  o x i d a t i o n  c o n d i t i o n s .  I t  h a s  been  'n o te d  [5] 
t h a t  m e ta l  i m p u r i t i e s  can  r a p i d l y  d i f f u s e  i n t o  t h e  b u lk  o f  a  
p o ly (p r o p y le n e )  sam ple  from th e  s u r f a c e ,  and, p a r t i c u l a r l y  
r e l e v a n t  t o  ou r  h y p o t h e s i s ,  C la rk  and P e e l i n g  [138]  have  o b se rv e d
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t h a t ,  i n  a  t h i n ,  m e ta l  f r e e ,  s u r f a c e  l a y e r ,  no o x i d a t i o n  p r o d u c ts  
a p p e a r  i n  o x i d i s e d  p o l y ( e t h y l e n e ) .  The h ig h  r a t e  o f  r e a c t i o n  o f  
HALS and i n  s o l u t i o n ,  and th e  m o b i l i t y  o f  th e  m e ta l  s p e c i e s  
i n  polymer m a t r ix ,  w i l l  combine to  p ro v id e  a u s e f u l  s t a b i l i s a t i o n  
mechanism.
E xper im en ts  c a r r i e d  o u t  i n  S e c t i o n  4 :3  on th e  a b i l i t y  o f  th e  
HALS d e r iv e d  n i t r o x i d e  r a d i c a l s  t o  complex w i th  t r a n s i t i o n  m e ta l  
s p e c i e s  have  shown t h a t  t h i s  i s  n o t  an  im p o r ta n t  mechanism. 
W hile  n i t r o x i d e s  show some com plexing  a b i l i t y  w i th  s e l e c t e d
s p e c i e s  ( e . g .  F e ( I I ) ) ,  th e  r e a c t i o n  i s  n o t  a s  e f f i c i e n t  a s  f o r
th e  p a r e n t  HALS, and n o t  n e a r l y  so g e n e r a l  th ro u g h o u t  t h e
t r a n s i t i o n  s e r i e s .  An e x p l a n a t i o n  o f  t h i s  d i f f e r a n c e  i s  n o t  ea sy  
to  f o r m u la t e ,  b u t  m ust be c o n n e c te d  w i th  th e  p a ra m a g n e t ic  n a tu r e  
o f  th e  r a d i c a l s ,  and hence  p o s s ib l y  w i th  th e  d i f f e r i n g  e l e c t r o n i c  
c o n f i g u r a t i o n s  o f  th e  v a r i o u s  t r a n s i t i o n  m e ta l  i o n s .  The low 
l e v e l  o f  HALS c o n v e r te d  t o  n i t r o x i d e s  i n  a  d e g ra d in g  polymer 
sys tem  w i l l  n o t  n o t i c a b l y  a f f e c t  th e  e f f i c i e n c y  o f  t h e  HALS
a d d i t i v e  a s  a  m e ta l  com plex ing  s t a b i l i s e r .
A g e n e r a l  scheme o f  r e a c t i o n s  i t  would be p o s s i b l e  f o r
t o  undergo  can  be e n v is a g e d  a s  shown i n  F ig u r e  6 . 1 .  For t h i s
scheme to  be s u c c e s s f u l  a s  a  po lym er s t a b i l i s i n g  mechanism, th e
n+s t r e n g t h  o f  complex f o rm a t io n  betw een HALS and M m ust be 
g r e a t e r  th a n  t h a t  be tw een ROOH and We have  shown th e
r e a c t i o n  betw een  h in d e r e d  am ines  and m e ta l  i o n s  t o  be f a s t  and 
a lm o s t  c o m p le te ;  q u a l i t a t i v e  co m p ar iso n s  w i th  EDTA com plexes  o f  
i r o n  and c o b a l t  show t h a t  HALS a r e  a s  good, i f  n o t  b e t t e r ,  
com plex ing  a g e n t s .  R ic h a rd so n  [139] h a s  shown t h a t  a  c o b a l t  
complex o f  EDTA i s  u n a b le  t o  r e a c t  w i th  ROOH. These r e s u l t s
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Figure 6.1 
Reaction scheme for interaction of HALS 
and transition metal ions.
> ( M - - H A L S )
R O O H ROOH
n +  H A L S..( M - - R O O H )
ROOH
P r o d u c t s P r o d u c t s
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s u g g e s t  t h a t  t h e  com plexing  a b i l i t y  o f  HALS tow ards  t r a n s i t i o n  
m e t a l s  i s  f a r  g r e a t e r  th a n  t h a t  o f  ROOH, hence r e a c t i o n s  1 and 4 
i n  F ig u re  6 ,1  w i l l  p red o m in a te .
The s to i c h io m e t r y  o f  th e  r e a c t i o n  betw een HALS and i s
d i f f i c u l t  t o  e s t a b l i s h .  Atomic a b s o r p t i o n  s p e c t r o s c o p y  was 
u n s u c c e s s f u l  due t o  i n t e r f e r e n c e  from  o t h e r  t r a c e  e le m e n ts  i n  t h e  
sy s tem , and m ic r o a n a l y s i s  gave  ambiguous r e s u l t s .  D i-  and 
p o ly -a m in e s  a r e  known to  form a v a r i e t y  o f  "w raparound" com plexes 
w i th  t r a n s i t i o n  m e t a l s ,  o f  v a r i e d  c o n fo rm a t io n  and s to i c h io m e t r y
[140] -  th e  v a r i o u s  i n  v iv o  com plexes  such  a s  haem og lob in  and
c h lo r o p h y l l  a r e  p rim e exam ples  o f  t h i s  -  so t h a t  t h i s  am b ig u ity  
i n  r a t i o s  i s  p e rh a p s  u n d e r s t a n d a b l e .
The o b s e r v a t io n  o f  a p p a re n t  changes  i n  o x i d a t i o n  s t a t e  
in v o lv e d  i n  t h e  r e a c t i o n s  be tw een  lo w e r  o x i d a t i o n  s t a t e  
t r a n s i t i o n  m e ta l s  and HALS a r e  i n t e r e s t i n g .  I n v e s t i g a t i o n s  
showed t h a t  t r i e t h y l a m i n e  c o u ld  p roduce  a  s i m i l a r  e f f e c t  on 
aqueous  s o l u t i o n s  o f  F e ( I I ) .  The key to  t h i s  r e a c t i o n  i s  th e  
p re s e n c e  o f  0^ and H^O p lu s  th e  v e ry  h ig h  b a s i c i t y  o f  t h e  HALS 
(pKa s 10 -  1 4 ) .  I n  our  e x p e r im e n ts ,  w a te r  i s  p r e s e n t  e i t h e r  a s  
p a r t  o f  th e  s o l v e n t  sy s tem , o r  a s  an  im p u r i ty  i n  t h e  a c e to n e ;  
w h i l e  Og w i l l  be p r e s e n t  d i s s o l v e d  i n  t h e  s o l v e n t .  These 
c i r c u m s ta n c e s  would a c c o u n t  f o r  th e  i n t e r c o n v e r s i o n  o f  th e  
t r a n s i t i o n  m e ta l  o x i d a t i o n  s t a t e s ;  th e  r a t e  o f  t h i s  p r o c e s s  w i l l  
depend on t h e  r e l a t i v e  s t a b i l i t i e s  o f  t h e  o x i d a t i o n  s t a t e s  o f  a 
p a r t i c u l a r  t r a n s i t i o n  m e ta l .  I t  w i l l  a l s o  be n o te d  t h a t ,  i n  a  
p o l y o l e f i n  u n d e rg o in g  o x i d a t i o n ,  w a te r  i s  a  p r o d u c t  o f  th e  
r e a c t i o n ,  b e in g  c r e a t e d  d u r in g  H -  a b s t r a c t i o n  by .OH r a d i c a l s ,  
and w i l l  a l s o  d i f f u s e  i n t o  t h e  sam ple  from  th e  a tm o sp h e re .
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The p ro p o sed  p h o t o s t a b i l i s a t i o n  o f  p o l y o l e f i n s  by com plexing  
o f  t r a c e  t r a n s i t i o n  m e t a l s  may be p r e s e n te d  a s  a  s e r i e s  o f  
com plim en tary  p r o c e s s e s
1) R e d u c t io n  o f  l i g h t  a b s o r p t i o n  by t r a n s i t i o n  m e ta l  i o n s ,  
t h e r e b y  p r e v e n t in g  th e  a c c u m u la t io n  o f  energy  n e c e s s a ry  to  
i n i t i a t e  th e  h o m o ly t ic  s c i s s i o n  o f  th e  -  ROOH com plex; a l s o  
b r e a k in g  up any energy  t r a n s f e r  p r o c e s s e s  which m igh t  occu r  
be tw een  a d j a c e n t  m e ta l  i o n s ,  o r  be tw een and o t h e r  a c c e p to r  
s p e c i e s .
2) P r e v e n t io n  o f  f o rm a t io n ,  o r  b r e a k -u p ,  o f  -  ROOH
i n i t i a t i n g  com plexes .
3) C r e a t i o n  o f  optimum c o n d i t i o n s  f o r  d i s r u p t i o n  o f  any 
red o x  e q u i l i b r i u m  p r o c e s s e s  i n v o lv i n g  h y d r o p e r o x id e s  and
t r a n s i t i o n  m e ta l  i o n s  o f  v a r i a b l e  v a le n c e .
4) D r a s t i c  r e d u c t i o n  i n  m o b i l i t y  and a v a i l  a b i l i t y  o f
5) Complexes a p p e a r  to  be i n s o l u b l e  i n  o r g a n ic  m edia , 
t h e r e f o r e  t h e r e  w i l l  be an  i n c r e a s e  i n  th e  h e te r o g e n e o u s  n a t u r e  
o f  chem ica l  p r o c e s s e s ,  and a c o n se q u e n t  d e c r e a s e  i n  r e a c t i o n  
r a t e s .
6:8 JEf.f.c.c.t .g....Q.f.-Qx.y.ggn Rif f.uai.Qn.«.
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The m a th e m a t ic a l  model d e v e lo p e d  i n  S e c t i o n  5 :2  i s ,  we 
b e l i e v e ,  t h e  b e s t  a p p ro x im a t io n  deve loped  so  f a r ,  w i t h i n  t h e  
a s su m p t io n s  made, t o  e x p l a i n  t h e  o x i d a t i o n  b e h a v io u r  o f  
p o l y o l e f i n  f i l m s .  I n c o r p o r a t i o n  i n t o  t h e  f i n a l  e q u a t io n  o f  
k i n e t i c  e x p r e s s i o n s  d e a l i n g  w i th  b o th  d i f f u s i o n  f r e e  and
d i f f u s i o n  c o n t r o l l e d  r e g i o n s  o f  th e  sam ple g i v e s  a  model which i s  
i n  e x c e l l e n t  ag reem en t  w i th  t h e  e x p e r im e n ta l  r e s u l t s  f o r
v a r i a t i o n  o f  r a t e  o f  o x i d a t i o n  w i th  sam ple t h i c k n e s s  ( F ig u r e s  5 .5  
and 5 . 6 ) .  The c o r r e c t n e s s  o f  t h e  model i n c o r p o r a t i n g  b o th  ty p e s  
o f  k i n e t i c  b e h a v io u r  i s  i l l u s t r a t e d  d r a m a t i c a l l y  i n  F ig u r e  5 . 8 ,  
which shows t h a t ,  i n  o r d e r  t o  match e x p e r im e n ta l  r e s u l t s ,  bo th  
s e c t i o n s  o f  e q u a t io n  14 a r e  r e q u i r e d .  Boundary c o n d i t i o n s  used  
a l s o  t a k e  i n t o  a c c o u n t  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  oxygen 
p r e s e n t  i n  a  polym er f i l m ,  w hereas  most p r e v io u s  m odels  assume
z e r o  c o n c e n t r a t i o n  o f  0^ w i t h i n  th e  f i l m  a t  t im e  z e ro
[ 129, 130, 131, 132].
F u r th e r  p r o o f  o f  th e  c l o s e  c o r r e l a t i o n  be tw een  o u r  model and 
e x p e r im e n t  can  be s e e n  when a com parison  i s  made betw een th e  
s c h e m a tic  d iagram  o f  0^ c o n c e n t r a t i o n  w i t h i n  a  polymer f i l m  
d u r in g  o x i d a t i o n  ( F ig u r e  5 .4 )  and t h e  r e s u l t s  o f  D avis  e t  a l
[141] f o r  th e  c o n c e n t r a t i o n  o f  c a rb o n y l  g ro u p s  a c r o s s  a  deg raded  
f i l m .  The l i t e r a t u r e  r e s u l t s  show a c o n s t a n t  c o n c e n t r a t i o n  o f  
c a rb o n y l  f o r  some d e p th  i n t o  b o th  f a c e s  o f  t h e  sam p le ,  which 
m atch es  t h e  p r o f i l e  type  shown i n  F ig u re  5 . 4 ,  t h e r e f o r e  th e  
e x p l a n a t i o n  i s  o b v io u s  -  t h i s  d i s t r i b u t i o n  o f  c a rb o n y l  g ro u p s  i s  
cau sed  by t h e r e  b e in g  two d i s t i n c t  k i n e t i c  dom ains w i t h i n  t h e  
f i l m ,  i . e .  t h e  p r e s e n c e  o f  d i f f u s i o n  f r e e  z o n e s  a t  b o th  f a c e s  o f  
th e  sam ple ,  and a d i f f u s i o n  c o n t r o l l e d  zone w i t h i n  t h e  sam ple .
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P ig u i 'e  6 , 2
V a r i a t i o n  o f  l i ' i i i t i n g  t h i c k n e s s  w i t h  
o x i d a t i o n  r a t e  c o n s t a n t  ( 3 _ n . l 3 ) ,
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The c onsequences  o f  t h e  model to  t h e  s t a b i l i s a t i o n  b e h a v io u r  
o f  HALS i n  a p o l y o l e f i n  m a t r ix  m ust now be exam ined . P roposed  
[84 ]  mechanisms o f  s t a b i l i s a t i o n ,  such a s  r a d i c a l  s c a v e n g in g ,  
w i l l  r e q u i r e  a  s u b s t a n t i a l  l o c a l  r e d u c t i o n  i n  oxygen 
c o n c e n t r a t i o n ,  t o  p r e v e n t  t h e  r a p i d  consum ption  o f  a l k y l  r a d i c a l s  
by oxygen i n  t h e  a u t o x i d a t i o n  c y c l e .  F ig u re  6 . 2 ,  which shows a 
p l o t  o f  l i m i t i n g  t h i c k n e s s  v s .  r a t e  c o n s t a n t  o f  th e  o x i d a t i o n  
r e a c t i o n ,  g r a p h i c a l l y  i l l u s t r a t e s  t h a t ,  i n  t h i n  polymer f i l m s  
( 0 .0 2  -  0 .1  mm), t h i s  s i t u a t i o n  w i l l  n o t  a r i s e .  I n  t h e  c a se  o f  a  
dense  p o l y o l e f i n  w i th  a h ig h  d i f f u s i o n  c o e f f i c i e n t  o f  0^, t h e r e  
may occu r  a  t h i n  l a y e r  tow ards  t h e  c e n t r e  o f  th e  f i l m  w here th e  
oxygen su p p ly  i s  l i m i t e d ,  and h e r e ,  a s  i n  t h e  c a se  o f  t h i c k  
s a m p le s ,  d i f f u s i o n  o f  oxygen t o  t h e  r e a c t i o n  s i t e  may p ro v e  t o  be 
t h e  r a t e  d e te r m in in g  s t e p ,  p a r t i c u l a r l y  i n  th e rm a l  d e g r a d a t i o n .  
I n  p h o to d e g r a d a t io n ,  however, th e  o x i d a t i o n  i s  c o n f in e d  t o  t h e  
u p p e r  l e v e l s  o f  t h e  f i l m  [142]  due to  r a p i d  l o s s  o f  l i g h t  en e rg y  
on p e n e t r a t i o n  o f  t h e  sam ple , th u s  d i f f u s i o n  c o n t r o l  i s  l e s s  
l i k e l y  to  be a s i g n i f i c a n t  f a c t o r  i n  t h i s  c a s e ,  e x c e p t  unde r  h ig h  
energy  a n d /o r  UV t e s t i n g .  W ithou t t h e  low 0^ l e v e l s ,  a l k y l  
r a d i c a l s  w i l l  r a p i d l y  r e a c t  w i th  oxygen b e f o r e  t h e  bu lky  
n i t r o x i d e  r a d i c a l  d e r i v i t i v e s  o f  HALS can a t t a c k ,  t h e r e f o r e  
r a d i c a l  s c av e n g in g  w i l l  n o t  be a v i a b l e  s t a b i l i s a t i o n  mechanism.
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